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1 Summary
Ribozymes are assumed to be remnants of the earliest biological systems, in which RNA
was both information storage and catalyst. In recent organisms, they catalyze few, albeit
most vital processes, such as protein synthesis, RNA splicing or single steps in virus
replication. As in any catalyst, structure and function of a ribozyme are inseparable and,
due to RNA’s polyanionic nature, intimately linked to the positively charged metal ions
present in the cell. In this thesis, two examples of the tight correlation between ribozyme
structure and Mg2+ binding are investigated.
The rst part of the thesis deals with the recognition of DNA cleavage sites in group II
introns. These large ribozymes catalyze their own splicing, that is, their self-excision from
an RNA transcript and the ligation of the two adjacent exons. By reversing this reaction,
they are able to cleave DNA and RNA with high specicity and to reinsert at the site of
cleavage. This ability accounts for the genomic mobility of group II introns and for their
potential exploitation in gene therapy. The focus of this part of the thesis is on the rst
step in any DNA cleavage or reinsertion event; that is the formation of a short duplex
between the exon binding site (EBS)1 of the intron and the intron binding site (dIBS)1 of
the target DNA. The 7 bp EBS1·(d)IBS1 helix is formed directly at the 5’ side of the scissile
bond and is the longest of three base paired sequences, which position the two exons for
either a splicing or a reinsertion event.
By determining the solution structure of the EBS1·(d)IBS1 complex, the kinetics of its for-
mation and the location of metal ion binding sites, we investigated how the cleavage site
is recognized by the intron and which is the role of metal ions in the recognition.
The construct used is derived from the S. cerevisiae ai5γ group IIB intron. It is a hairpin
with an 11 nt loop, which contains EBS1 hybridized with the dIBS1 DNA 7mer. The NMR
structure reveals the following main features: the hairpin stem is a regular A-form helix,
the unpaired loop nucleotides are well-ordered and thereby allow partial stacking of the
EBS1·dIBS1 helix on the stem, the loop backbone is strongly kinked opposite the cleavage
site, and, the EBS1·dIBS1 helix is asymmetric and has a tunnel-shaped major groove with
a highly negative electrostatic surface potential.
Using SPR, we could show that the EBS1·dIBS1 helix is marginally stable, but also that
physiological concentrations of Mg2+ strongly increase the anity between EBS1 and
dIBS1. This stabilizing eect is also observed in EBS1·IBS1 RNA recognition site and in
slightly dierent sequences of EBS1·(d)IBS1 and demonstrates the crucial importance of
Mg2+ for a stable binding of the exon. By measuring Mg2+-induced chemical shift pertur-
bations, paramagnetic line broadening by Mn2+ and NOE correlations between the hybrid
and [Co(NH3)6]3+, two metal ion binding sites were characterized in EBS1·dIBS1. Metal
ions bind near each end of the major groove of EBS1·dIBS1. Neither site is specic for
inner- or outer-sphere contacts of the metal ion.
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1. Summary
The NMR solution structure of the P4 domain was determined. The P4 construct has very
similar NMR signals to those of the P4 domain within the CPEB3 ribozyme, indicating
alike structures. P4 is a hairpin capped by a UGGU tetraloop, which is structurally well
dened due to stacking of the rst two nucleotides on the adjacent stem base pair and
a hydrogen bond between a non-bridging phosphate oxygen of the second last, and the
OH2’ of the last loop nucleotide. This new tetraloop structure features two syn guanines.
It thus resembles the characteristic structure of several AGNN tetraloops, which serve
as endonuclease binding sites. This nding prompts the hypothesis that P4 might be a
protein interaction site of the CPEB3 ribozyme, and might thereby mediate regulation of
the self-cleavage activity.
This thesis illustrates two principal ways of how ribozymes engage Mg2+ ions to support
their function. The EBS1·dIBS1 recognition site is a dened structure, which is optimized
for positioning the scissile bond and for recruiting metal ions that stabilize the exon-intron
contact during catalysis. The CPEB3 ribozyme relies on Mg2+ ions to adopt its native fold
in the rst place, which combines the stable frame formed by the outer pseudoknot with
specic Mg2+ binding motifs in a exible catalytic core. The investigation of the combina-
tions of RNA structures with the dierent modes of metal ion-nucleic acid interactions is
the key to understand how the diverse structures and functions of RNA could arise from
the limited chemical repertoire of the four RNA bases.
4
2 Zusammenfassung
Es wird angenommen, dass Ribozyme Überbleibsel der frühesten biologischen Systeme
sind, in denen RNA sowohl als Informationsspeicher als auch als Katalysator diente.
In heutigen Organismen katalysieren Ribozyme nur wenige, aber dafür lebenswichtige
Prozesse, wie zum Beispiel die Proteinsynthese, das Spleissen oder einzelne Schritte
in der Replikation von Viren. Wie bei jedem Katalysator sind die Struktur und die
Funktion von Ribozymen untrennbar miteinander verbunden, wie auch, aufgrund der
vielfach-negativen Ladung von RNA, mit den positiv geladenen Metallionen in der
Zelle. In der vorliegenden Dissertation werden zwei Beispiele dieser engen Verbindung
zwischen Ribozym-Struktur und Mg2+-Bindung untersucht.
Der erste Teil dieser Arbeit behandelt die Erkennung der DNA-Spaltstelle durch Gruppe II
Introns. Diese grossen Ribozyme katalysieren ihr eigenes Spleissen, das heisst, sie schnei-
den sich selbst aus einem RNA-Transkript aus und ligieren die zwei angrenzenden Exons.
Indem sie diese Reaktion umkehren, können die Introns RNA und DNA an spezischen
Stellen spalten und sich selbst an der Spaltstelle einfügen. Diese Fähigkeit macht ihre
Beweglichkeit im Genom und ihr Potential für die Gentherapie aus. In diesem Teil der
Arbeit liegt der Fokus auf dem ersten Schritt des Spleiss- oder Insertionsvorgangs: die
Ausbildung einer kurzen Helix zwischen der Exonbindestelle (EBS)1 des Introns und der
Intronbindestelle (dIBS)1 des DNA Substrates. Die 7 Basenpaare lange EBS1·dIBS1 Helix
bildet sich direkt auf der 5’-Seite der zu spaltenden Bindung und ist die längste von drei
basen-gepaarten Sequenzen, die die zwei Exons für das Spleissen beziehungsweise die In-
sertion ausrichten.
Um zu erforschen, wie die Spaltstelle vom Intron erkannt wird und welche Rolle Metall-
ionen für die Erkennung spielen, klärten wir die Struktur des EBS1·dIBS1 Komplexes in
Lösung auf, bestimmten die Kinetik seiner Bildung und die Anzahl und Position seiner
Metallionenbindestellen.
Das verwendete Konstrukt stammt vom Gruppe IIB Intron ai5γ aus S. cerevisiae. Es han-
delt sich um eine Haarnadelstruktur mit einem Loop von 11 Nukleotiden, der das mit dIBS1
hybridisierte EBS1 beinhaltet. Die NMR-Struktur weist folgende Besonderheiten auf: der
Stamm der Haarnadelstruktur ist eine reguläre A-Form Helix; die ungepaarten Nukleotide
im Loop haben eine geordnete Struktur, die eine teilweise Stapelung der EBS1·dIBS1 Helix
auf den Stamm erlaubt; das RNA-Rückgrat im Loop ist gegenüber der Spaltstelle stark
abgeknickt; die EBS1·dIBS1 Helix ist asymmetrisch mit einer tunnelförmigen grossen
Furche, die ein stark negatives Oberächenpotential aufweist.
Mit Hilfe von SPR Messungen konnten wir zeigen, dass die EBS1·dIBS1 Helix nur gering
stabil ist und, dass physiologische Mg2+-Konzentrationen die Anität von dIBS1 für EBS1
stark erhöhen. Dieser Stabilisierungseekt ist auch bei leicht anderen EBS1·dIBS1 Sequen-
zen sowie bei dem EBS1·IBS1 RNA-RNA Komplex beobachtbar. Dies zeigt, wie wichtig
5


2. Zusammenfassung
sind, wohingegen die NMR Daten und die Tb3+-induzierte-Spaltungsexperimente auf bis
zu acht Mg2+-Bindestellen hinweisen. Sowohl diuse als auch chelierte Mg2+ Ionen inter-
agieren mit dem Ribozym und reichern sich vornehmlich im kleinen Pseudoknoten und
im katalytischen Zentrum an.
Die von uns gesammelten Daten liefern starke Argumente dafür, dass das CPEB3 Ribozym
in Lösung die vorgeschlagene, dem HDV Ribozym ähnliche Sekunsdärstruktur einnimmt.
Sie zeigen auch die kritische Rolle auf, die Mg2+ für eine kompakte Faltung des Ribozyms
im Allgemeinen, und für die Struktur des inneren Pseudoknotens und des katalytischen
Zentrums, im Speziellen, spielt. Die Bildung des Mg2+-bindenden G·U wobble Basenpaares
wurde auf Grund der Kristallstruktur des HDV Ribozyms vorgeschlagen. Die Beobachtung
eines entsprechenden G·U-Paares im CPEB3 Ribozym zeigt, dass beide Ribozyme gleiche,
katalytisch wichtige Metallionen- bindende Motife verwenden. Dies untermauert die An-
sicht, dass sich das CPEB3- und das HDV Ribozym, trotz ihrer verschiedenen Sequenzen,
in Struktur und Mechanismus gleichen.
Die NMR Struktur der P4 Domäne in Lösung wurde aufgeklärt. Das P4 Modellkonstrukt
weist sehr ähnliche NMR-Signale wie die P4 Domäne innerhalb des CPEB3 Ribozyms
auf, was auf identische Strukturen schliessen lässt. P4 ist eine Haarnadelstruktur, die
durch einen UGGU Tetraloop abgeschlossen wird. Durch Stapelung der ersten zwei
Loop-Nucleotide auf das angrenzende Basenpaar sowie durch eine Wasserstobrücke
zwischen einem freien Phosphatsauersto des vorletzen Nucleotids und einer OH2’-
Gruppe des letzten Loop-Nucleotids erhält der Loop eine gut denierte Struktur. Diese
neue Tetraloopstruktur beinhaltet zwei Guanine in syn-Konformation. Sie erinnert
dadurch an die charakteristische Konformation verschiedener AGNN Tetraloops, die als
Endonuklease-Bindestellen fungieren. Diese Ähnlichkeit legt den Schluss nahe, dass es
sich bei P4 um eine Protein-Interaktionsdomäne des CPEB3 Ribozyms handeln könnte,
über die womöglich eine Regulation der Selbstspaltung erfolgt.
Diese Dissertation verdeutlicht zwei prinzipielle Möglichkeiten der Einbindung von Mg2+
Ionen in die Funktion von Ribozymen. Die EBS1·dIBS1 Erkennungs-Helix ist eine
denierte Struktur, die einerseits für das Ausrichten der zu spaltenden Bindung, und ander-
erseits für die Rekrutierung von Metallionen zur Stabilisierung des, während der Katalyse
ans Intron gebundenen Exons, optimiert ist. Das CPEB3 Ribozym benötigt von vornherein
Mg2+ Ionen, um seine native Faltung zu erreichen. Diese kombiniert den stabilen Rah-
men, den der äussere Pseudoknoten bildet, mit spezischen Mg2+-Bindestellen in einem
exiblen katalytischen Kern. Die Erforschung solcher Verbindungen von RNA-Strukturen
mit den unterschiedlichen Interaktionsmodi von Metallionen und Nukleinsäuren ist der
Schlüssel zum Verständnis davon, wie das beschränkte chemische Repertoire der vier RNA
Basen so diverse Strukturen und Funktionen hervorbringen konnte.
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3.1 RNA functions in a nutshell
In the past 60 years RNA research has made extraordinary conquests of novel topics, as
RNA became implicated in more and more cellular processes and qualied itself as a new
tool in therapy and research application. Landmark discoveries regarding RNA function
were those of the role of mRNA and tRNA in translation of the genetic code, of RNA
viruses, of catalytically active RNA and the rst insights into the plethora of regulatory
functions performed by RNA, such as RNAinterference.
Already in the 1950s, it was well established that RNA acts as an information shuttle be-
tween DNA, which stores the hereditary information and proteins, which execute this
information in the cell [1]. This is the function of mRNAs, transcripts of DNA sequences
that are exported from the nucleus and processed to be templates for protein translation,
and tRNAs, which act as adapters between mRNA codons and the corresponding amino
acids in protein synthesis [2]. Although hypotheses on the potential catalytic role of RNA
were expressed early by Crick, Woese and Orgel [3–5] experimental evidence was lacking
until the late 1970s. In 1978, Sidney Altman obtained rst prove that the RNA moiety of the
RNA-cleaving RNA-protein complex RNase P from Escherichia coli is essential for cataly-
sis [6], and later demonstrated that the protein moiety is dispensable [7]. Thomas Cech
showed that in the protozoan Tetrahymena thermophila an RNA catalyzes its own splicing
reaction in the absence of any protein [8, 9]. In 1989, Cech and Altman were awarded the
Nobel prize in chemistry for their discovery of the catalytic properties of RNA. Such RNA
enzymes (short: ribozymes) as RNase P and the self-splicing introns are examples of RNA
function that relies on an intricate 3D structure of the RNA molecule. Another example of
a structure-function relationship in RNA are riboswitches [10–12], which were discovered
two decades after the rst ribozymes. These regulatory RNA sequences form highly spe-
cic binding platforms for small ligands in the 5’-UTR of certain genes. Upon binding or
release of their specic ligand, riboswitches change their conformation, thereby adapting
gene expression to the availability of a certain metabolite (their ligand) in the cell. The
arsenal of functional RNA extends further: in RNA viruses RNA itself serves as the ge-
netic material; RNA mediates genomic mobility of certain transposable DNA sequences;
small nuclear RNAs act in splicing and ribosomal RNAs in protein translation; and small
nucleolar RNAs process tRNA, rRNA and snRNA during their biogenesis.
The discovery of antisense RNA [13] and RNAinterference (RNAi) [14] brought to light
the immense regulatory importance of non-coding RNAs. Both mechanisms regulate gene
expression on the mRNA level using complementary ncRNAs, which either block the com-
plementary mRNA from being translated (antisense) or promote its degradation (RNAi).
Today we know that the inuence of RNA in the cellular information ow is omnipresent.
RNA’s many roles, extending from acting as the hereditary substance to catalyzing dif-
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ferent crucial reactions in a self-replicating system, have inspired the idea of a primordial
RNA world, in which RNA had dual function of being both information storage and the
catalyst of its own replication [15, 16]. This idea is supported by in vitro evolution tech-
niques [17] that have been used to select RNA sequences catalyzing a variety of other
reactions, which widely extend the catalytic repertoire of the current natural ribozymes.
Today’s naturally occurring ribozymes have gained a lot of attention for potentially be-
ing active fossils of such an RNA world and thus for their enormous potential to teach
us about molecular evolution. However, ribozyme research is far from looking solely into
the past. Several ribozymes as well as articial DNAzymes [18] are being developed for
molecular medicine [19], for synthetic biology applications [20] and as biosensors [21].
For example, phase II clinical trials have successfully been completed for a chemically sta-
bilized ribozyme, which was designed to cleave a certain cancer-related mRNA for tumor
therapy [22].
Research on catalytic RNA and DNA has become a vibrant eld and a detailed insight into
how their native structures are shaped will help to understand and exploit their catalytic
and regulatory functions.
3.2 Thesis outline and aims
This thesis is concerned with the investigation of ribozyme structure and how it is shaped
by metal ions. It comprises two independent research projects on two metal-dependent
ribozymes. Each project is comprehensively treated in a separate chapter, which includes
the introduction to the particular subject as well as the aims and results of the project
and their discussion. The methods and material used for both projects is described in the
experimental section.
The rst project (Chapter 4) investigates the structure and anity of a hybrid intron-exon
recognition site of a group II intron. At this site, the intron forms a short duplex with an
RNA or DNA exon and cleaves this exon 3’ to the recognition sequence, which the rst
step of any cleavage, self-splicing or reinsertion event of a group II intron. We studied
the structural requirements for making the scissile bond recognizable for the catalytically
active domains of the intron and the role that Mg2+ plays for the structure and stability
of the hybrid duplex. Also, we aimed to extrapolate common principles for the structure
and metal ion binding of the exon-intron recognition complexes of other group II introns.
These problems were addressed by determining the NMR structure and the metal ion bind-
ing sites of the complex, by using SPR for studying the kinetics of the interaction, and by
comparing our results to those of the RNA-RNA exon-intron recognition site [23].
In the second project (Chapter 5) the small self-cleaving CPEB3 ribozyme was investi-
gated. There is multiple evidence that the CPEB3 ribozyme folds into a similar intricate
double-pseudoknot topology and cleaves in the same Mg2+-dependent way as the HDV ri-
bozyme. We provided NMR-spectroscopic proof of the proposed structural similarity and
investigated in how far Mg2+ is required for pseudoknot formation. Using NMR in com-
bination with biochemical assays, we analyzed the number, location and nature of metal
ion binding sites of CPEB3 in detail and drew parallels to the binding sites observed in the
10
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group I intron have a rugged energy landscape featuring long-lived intermediate states
and alternative pathways, group II introns fold directly to the native state via on-pathway
intermediates [48,49]. Several proteins have been implicated in guiding the folding process
of RNA [50]. Examples are RNA helicases and RNA chaperones, such as Hfq that mediates
the annealing of small regulatory RNAs with their target mRNAs [51], and the ribosomal
proteins tightly associated with the ribosomal RNA. In some cases, substantial refolding
is an intrinsic part of RNA function as in the case of riboswitches, in which the structural
switch is triggered by metabolite binding.
RNA folding on any level is intimately related to the presence of cations, usually the mono-
and divalent metal ions in the cell.
3.5 Metal ion interactions with nucleic acids
3.5.1 Modes of interaction
As both RNA and DNA are polyanions, formation of any secondary or tertiary structure
relies on the presence of positive counterions. These counterions can be divided in two
classes: the diuse and the site-bound ions. The diuse cations are the vast majority; they
form a cloud around the nucleic acid while remaining fully solvated and mobile. This
provides charge screening to the polyanionic sugar-phosphate backbones, so they can ap-
proach each other during the formation of secondary and tertiary structure. Site-bound
ions engage in short-range interactions with the nucleic acid and thus remain in place.
Such ions are attracted to regions of condensed negative surface potential with special
geometries (Section 3.5.2) and normally have two or more inner-sphere RNA or DNA lig-
ands. The energetic contributions of a site-bound interaction are more complicated than
the simple electrostatic interaction of diuse ions with RNA. For site-bound ions, also the
energies of (partial) dehydration of the RNA and the metal ion as well as charge-transfer
and polarization must be considered [52]. The diuse ions, due to their sheer excess, are
by far more important for the overall thermodynamic stability of a folded RNA than the
site-bound ions. In contrast to this, complex tertiary structures, namely those of large
RNAs usually require binding of di- or multivalent cations to distinct sites.
The discrimination of diuse and site-bound ions [53] has been challenged for being too
simplistic [54, 55]. Indeed, there is a continuum of metal ion-nucleic acid interactions,
which fall in between the two classes. Some authors distinguish three classes of metal
ions (chelated, water-positioned and diuse ions [54]) or even four (chelated/coordinated,
glassy/restricted, condensed/associated and free/bulk solution ions [55]). All three for-
malisms have in common that from one class to the next, the number of ions, the relevance
for thermodynamic stability and the mobility of the ions increase, while the signicance
for the tertiary structure decreases. Inner-sphere interactions between the nucleic acid and
the metal ion occur only in the rst class. However, matters are more complicated than
the number of inner-sphere RNA ligands generally being proportional to the structural
relevance of a metal ion. RNA tertiary structures can provide a wealth of dierent binding
pockets with high negative charge density, many of which are not selective for a specic
ion or binding mode but nonetheless structurally or even catalytically relevant [56–59].
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3.5.2 Mg2+ plays a pivotal role in RNA structure formation
The interaction of a metal ion with a nucleic acid depends on the ionic radius and the
charge, which in turn dene the charge density, hydration energy and the coordination
preferences of the metal ion.
K+ and Mg2+ are the most abundant mono- and divalent metal ion in the cytosol, which
attributes special signicance to their interaction with nucleic acids. In the case of RNA,
the paramount importance of Mg2+ for folding has been demonstrated in many studies (for
example [49, 60–64]) on a variety of dierently complex RNAs. It is thus not surprising
that any larger RNA investigated so far harbors several structurally relevant Mg2+ binding
sites; see for example the discussions of Mg2+ binding sites in tRNA [65], the ribosome
[66], RNase P [67], the group I intron [68], group II intron [58] and the preQ1 riboswitch
[69]. How exactly Mg2+ acts in the the folding process of RNA is not yet understood.
Recent studies have put forward the idea that Mg2+ reduces the activation entropy and
overall entropy by binding preferentially to unstructured regions, thereby reducing the
conformational space [70, 71].
The ability of Mg2+ to stimulate compact folds in RNA stems from its high charge density;
it has a charge of +2 and a radius of 0.65 Å compared to K+, that has a +1 charge and
a radius of 1.3 Å. This allows Mg2+ to pack six oxygen ligands (for example of water or
phosphate oxygens) in a dense octahedral arrangement of high stability, which is reected
by the slow ligand-exchange rate [72] and by the much larger hydration energy of Mg2+
(-455 kcal/mol [73]) compared to the one of other relevant cations in the cytosol such as
Na+ (-100 kcal/mol [74]) or K+ (-80 kcal/mol [54]). This tightly packed geometry is thus not
accessible for RNA in monovalent ions alone due to the strong repulsion of the phosphate
oxygens.
On the side of the nucleic acid, the nonbridging phosphate oxygens make excellent inner-
sphere ligands for Mg2+. Binding to the exocyclic nucleobase oxygens GO6, T/UO4 and
T/UO2, the endocyclic nucleobase nitrogens (A/GN7, CN3), to the bridging phosphate oxy-
gens and to the 2’-OH is also observed [75–77]. The main determinants for a suitable Mg2+
binding site are thus the type of ligands being available, their geometry, and the local ex-
ibility of the RNA. Two quite dierent examples of Mg2+ binding sites in RNA are shown
in Figure 3.4.
The anity of Mg2+ binding to nucleic acids is rather low in most sites, withKD values in
the low millimolar range [80–83]. However, Mg2+ ions with a high number of inner-sphere
RNA ligands can bind with KD of 2 µM [84], provided the binding site is buried within a
globular or quasi-globular RNA structure and therefore shielded from the solvent water.
Apart from the structural signicance of Mg2+ ions, they are also specic cofactors in the
catalytic mechanism of many ribozymes (Figure 3.7b). Mg2+ can participate in catalysis
through activation of the attacking nucleophile by proton abstraction, via stabilization of
the leaving group or of the transition state [85], or indirectly by facilitating binding of the
substrate or cofactor such as in the glmS ribozyme [86]. It must be borne in mind that
ribozyme folding and activity are inextricably linked as in any enzyme. It is thus rarely
possible (or sensible) to strictly discriminate between catalytic and structural Mg2+ ions.
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Cleavage of the mRNA only takes place when GlcN6P is bound to the ribozyme, thus
halting the production of GlcN6P.” [24]
The family of small ribozymes keeps growing and likely has more undiscovered members.
The CoTC motif, found in the 3’-UTR of primate β-globin genes [115] is one example
as well as the twister ribozyme recently discovered in the genomes of various organisms
[116]. With the now available sophisticated in vitro selection techniques [117–121] and
new bioinformatic tools that allow searching the genome for (nonconserved) sequences
able to fold into a certain structure [113, 122–124], we expect to see more candidates any
time.
3.6.2 Large ribozymes
“The large ribozymes comprise group I and II introns as well as the ribosome, the spliceo-
some and RNase P, the latter three being all large ribonucleoprotein complexes [6]. These
ribonucleoprotein ribozymes are true catalysts that catalyze multiple reaction turnovers
without being altered in the process. Instead, all other ribozymes catalyze only one cleav-
age or splicing event. RNase P works like protein RNases but has a catalytic core com-
prised solely of RNA [7]. It catalyzes the removal of the 5’-leader sequence from precursor
tRNA [125]. Generally, RNase P is found in archea, bacteria, eukarya, as well as mito-
chondria and chloroplasts. [In vivo, only] bacterial RNase P has been shown to function
also in the absence of its protein unit, whereas in all other kingdoms of life, the protein is
essential [126].
Group I and II introns are self-splicing ribozymes that excise themselves from precursor
RNAs and ligate the anking exons to yield mature RNAs. Group I introns reside in pre-
mRNAs, rRNAs and tRNAs of a great diversity of organisms. They have an average length
of 400 nt and share a characteristic secondary structure (Figure 3.6c). The splicing reaction
requires an exogenous GTP and Mg2+ and proceeds in two steps [8, 9]. First, the intron
binds the 5’-exon and the GTP containing the nucleophilic 3’-OH group. The activated
3’-OH attacks the phosphodiester between the 5’-exon and the intron, cleaving this bond
and releasing the 5’-exon. In the second step, the liberated 3’-OH of the 5’-exon attacks
the phosphodiester bridge linking the 3’-terminal guanosine of the intron with the 3’-exon:
The two exons are joined and the intron is released in a linear form [with an additional G
at the 5’-end].
Group II introns (Figure 3.6d, see also Chapter 4) are found in bacterial DNA and in the
genomes of eukaryotic organelles. Their splicing mechanism [128–130] (Figure 3.5b) dif-
fers from group I introns as they do not require an exogenous GTP as cofactor. The 2’-OH
of a conserved so-called branch point adenosine within the intron provides the attacking
nucleophile for the rst step of splicing. Consequently, upon joining the anking exons,
the intron is released as a lariat. Both group I and II introns can contain sequences en-
coding proteins that enable them to reinsert into RNA or DNA [131]. This allows them
to change their location and spread in the genome as mobile genetic elements; a pro-
cess that normally is neither harmful nor benecial to the host organism. The removal
of non-self-splicing introns from precursor-mRNAs is catalyzed by the spliceosome in eu-
karyotes. The spliceosome is a huge and complex assembly of ve RNAs and dozens of
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(or higher)-dimensional NMR spectroscopy [149]; transverse relaxation optimized spec-
troscopy [150–152] used to obtain sharper lines in heteronuclear correlation spectra; and
the use of residual dipolar couplings (RDCs) [153,154] for structure calculation (see below)
have pushed the size boundary, nucleic acid NMR is still tied to a rather narrow size range.
The vast majority of RNA structures solved contain no more than 50 nt.
The reasons for this are the low overall proton density in nucleic acids and the limited
chemical variation among their building blocks (Figure 3.1b). Compared to proteins, which
consist of 20 chemically diverse amino acids, nucleic acids are permutations of only 4 nu-
cleotides being rather similar to each other. The chemical similarity of the nucleotides
connes the chemical shifts of their protons to rather narrow spectral ranges of 3-9 ppm
in RNA and 1-9 ppm in DNA for the nonexchangeable protons and 6-15 ppm for the ex-
changeable protons. Mainly the ribose protons H3’, H4’, H5’ and H5” fall in a very narrow
spectral region (3-5 ppm) and are thus subject to overlap, that compounds with the number
of nucleotides. To overcome this problem, segmental labeling techniques for big RNAs are
a very promising approach and have recently been applied with success to larger nucleic
acids [155, 156]. Recently, also the combination of RDCs and small angle X-ray scattering
data has been used for structure determination of larger RNAs [79].
Classical NMR-structure determination of nucleic acids is based on three types of
restraints: short-range interproton distances, assessed by the Nuclear Overhauser Eect
(NOE); selected torsion angles of the nucleotides, that are mainly studied by scalar
couplings between nuclei; and long-range information on the relative orientation of
dierent molecular regions, provided by RDCs [153,154]. The latter are mostly important
for studying larger and more complex nucleic acids. Such restraints are combined with
universally valid parameters on bond geometries and non-bonded contacts to create
an input set for energy-minimization algorithms. Such algorithms use for example
molecular dynamics, Monte Carlo methods or gradient-based minimization to determine
the conformers of lowest possible energy that satisfy the input set [157–160]. The three
NMR parameters used to obtain a restraint set will be briey introduced in the following.
The NOE is a through-space polarization transfer between two spins. Such a transfer
leads to a change in signal intensity of, for example, a proton that obtains magnetization
from another nearby proton, which was originally excited. The NOE is proportional to
1
r6
, conning it to proton pairs that are no more than 7 Å apart. Accordingly, the NOE
is of paramount importance for dening local structure (Figure 3.8c) but less useful for
establishing spatial relations in large molecules. The distances reported by the NOE can
also be used to infer other structural parameters, one example is the glycosidic angle χ,
which is related to the distance between H1’ and H6/8 in a nucleotide. A very intense
H1’-H6/8 NOE cross peak usually indicates syn conformation (Figure 3.8a).
The J coupling exists between covalently linked nuclei and is mediated by the bonding
electrons. It gives rise to the multiplicity of an NMR signal. Its magnitude depends on
the gyromagnetic ratios of the coupled nuclei, the number of bonds that connect them
and, in case of the vicinal or 3J coupling (across three bonds), on the dihedral angles
between the coupled nuclei. The latter phenomenon is known as the Karplus relation and
is exceptionally useful for structure determination. For example, the 3J coupling constant
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bulges. In a very similar fashion, H2’(H2”)-H6/8 correlations can be used for a sequential
assignment.
With the sequential walk as a starting point, it is often possible to assign the majority of
the non-exchangeable protons H1’, H2’, (H2”), H3’, H4’, H2, H5, H6, H8 and sometimes
H5’ and H5” (Figure 3.1). Among these, H2 of adenine has special signicance both for the
assignment and for structure calculation, as it is facing the helix center and thus usually
has correlations to protons of the opposite strand.
The assignment of the exchangeable protons is done by a quite dierent approach. It
mainly relies on identifying sequential correlations of uracil H3 and guanine H1 either
across strands or within one strand and on characteristic NOEs within a base pair such as
GH1-CH41/42 or UH3-AH2 (Figure 3.8d).
Samples transcribed from isotope-labeled nucleotides are of great help and, in larger
molecules, usually essential for the assignment of the proton resonances. Carbon and
nitrogen assignments are obtained from 13C,15N-labeled samples, since the naturally most
abundant 12C and 14N isotopes are no spin 12 nuclei and thus not suitable for high-
resolution NMR spectroscopy. The attributions of [1H,15N] and [1H,13C] correlations can
be pivotal for the identication of the position of a proton by the characteristic chemical
shift ranges of the attached carbon or nitrogen nucleus. For example, C5 (uracil, cyto-
sine), C2 (adenine), N1 (guanine), N3 (uracil) and of C1’ and C2’ of the riboses (Figure 3.1)
have rather characteristic chemical shift ranges. Furthermore, heteronuclear ltering and
editing pulse sequences [163] can be applied to complexes of 13C,15N-labeled and natural
abundance molecules. Such pulse sequences are highly useful as they can select for, for
example, NOE correlations that are intramolecular (between protons bound to the same
N/C isotope) or intermolecular (between protons bound to dierent N/C isotopes). Par-
tially deuterated nucleotides are often used to erase the H3’, H4’, H5’ and H5” resonances
from the NOESY or TOCSY spectrum and therefore allow to specically assign H2’ res-
onances, which would otherwise be overlapped. Apart from the spectral simplication
thus achieved, the lower number of protons in such samples also means fewer sources
of spin-spin relaxation and thus results in sharper lines; a highly desirable eect for the
spectra of larger RNAs (Section 5.4). Finally, selective labeling approaches are often useful
to discriminate protons belonging to one of the four nucleotides.
3.7.3 Nucleic acid complex formation investigated by SPR
In this work, surface plasmon resonance (SPR) is used to investigate the kinetics of the
association and dissociation of the two strands of a nucleic acid duplex (Section 4.3.3). SPR
is an optical technique well-established for studying the kinetics of biomolecular binding
events in aqueous solution and has been widely applied to protein-protein, protein-nucleic
acid and protein-small molecule interactions. Beyond measuring anities and on- and o-
rates, it can also be used to determine thermodynamic parameters, the activation energy
and the stoichiometry of complex formation.
The SPR instrument measures the change in refractive index (RI) near a sensor surface,
on which a biomolecule of interest (the ligand) is immobilized. Another molecule, whose
interaction with the ligand is to be studied (the analyte) is injected in the ow cell con-
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The depletion of a certain fragment in the active pool of sequences corresponds to a nu-
cleotide, which is critical for function. The most common experiment that uses NAIM for
identifying functionally relevant metal ion binding sites is the so-called metal ion-rescue
experiment [177]. Introduction of the phosphorothioate abolishes Mg2+ binding to the
backbone of this nucleotide, as sulfur ligands are disfavored by Mg2+ compared to oxy-
gen. If the binding site in question is relevant for activity, activity is decreased but can be
restored by adding a thiophilic metal ion such as Cd2+ or Mn2+.
Furthermore, other spectroscopic techniques such as EPR, Infrared and Raman spec-
troscopy can be exploited for metal ion binding studies.
NMR -based characterization of metal ion binding sites mostly relies on studying the
impact of metal ion addition on certain NMR parameters such as the chemical shift, the line
width or a J-coupling. A direct detection is far more dicult as all stable metal isotopes,
which are relevant for nucleic acid biochemistry are either not NMR active (24Mg2+) or
quadrupolar (23Na+, 25Mg2+, 39K+, 41K+) and thus displaying broad lines.
205Tl+ and 107/109Ag+ have successfully been used to directly observe several metal reso-
nances corresponding to dierent nucleic acid binding sites [178]; or to measure couplings
between the metal and a nucleic acid proton [178], or nucleic acid nitrogen [179], respec-
tively. Such experiments, however, are restricted to a low number of sites where metal
ions bind with high anity and are not in fast exchange [77]. Line-shape analysis of the
resonance of 25Mg2+ weakly bound to a tRNA was used for measuring the metal-RNA
association constant and the exchange rate of the metal in its binding sites [80].
Indirect detection of metal ion binding by NMR, as used in this thesis, can also be applied
to low-anity binding sites. The most common method is mapping perturbations of the
chemical shift of 1H, 15N and – less frequently –31P and 13C, induced by dierent metal
ions such as Mg2+ or Cd2+. Line broadening eects caused by paramagnetic metal ions
such as Mn2+, Ni2+ or Co2+ [180, 181] and measurements of NOEs between nucleic acid
protons and substitutes, such as [Co(NH3)6]3+ replacing [Mg(H2O)6]2+ [182, 183] or NH4+
replacing K+ [184], are also being used.
In some cases, such indirect detection methods yield information beyond the position of
the binding site. For example, it may be possible to determine the anity of a metal ion
for a specic site from the progressive chemical shift changes [185]. By 15N chemical shift
mapping, the mode of metal ion nucleic acid interaction may be revealed. For example,
a large chemical shift change of N7 upon metal addition is a good indicator of an inner-
sphere contact [186]. In some cases, metal ion binding may actually alter the nucleic acid
conformation in a way that measurable changes of certain NOE intensities or J-couplings
occur, from which the nature of the resulting structure can be inferred.
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4 EBS1·dIBS1 of a group IIB intron1
4.1 Introduction
Group II introns are large ribozymes and mobile genetic elements capable of catalyzing
their own splicing reaction [128–130]. During splicing, the intron RNA excises itself from
an RNA transcript in two sequential phosphotransesterication reactions that yield the
two ligated exons and the excised intron in a lariat structure. Both steps of splicing are
reversible, which enables the intron to reinsert into intronless sites on RNA or DNA, a pro-
cess which is referred to as reverse splicing or retrohoming, if genomic DNA is the target
of reinsertion [131, 187–190]. The most extensively studied example of the retrohoming
pathway is the one of the Lactococcus Lactis Ll.LtrB group IIA intron, which requires an
intron-encoded protein (IEP) [191,192] encoded in an open reading frame in domain IV of
the intron. During retrohoming, the IEP unwinds the DNA locally to allow hybridization
of the spliced lariat intron RNA and the target DNA. The intron catalyzes the reverse splic-
ing by cleaving the target strand and ligating its own termini to the anking DNA. The
opposite strand is cleaved by the IEP endonuclease domain and the reverse transcriptase
domain of the IEP transcribes the complementary cDNA from the intron RNA template.
The removal of the RNA and the synthesis and ligation of the DNA, which replaces it, are
catalyzed by host proteins and complete the insertion process. As mobile genetic elements,
group II introns resemble non-LTR retrotransposons [193] and they perform splicing in a
way very similar as the eukaryotic spliceosome [135,194]. These parallels gave rise to the
idea that group II introns might be ancestors of both the spliceosome and non-LTR retroele-
ments, suggesting pivotal evolutionary importance of group II introns for the shaping of
eukaryotic genomes [195, 196].
In both splicing and reverse splicing, exon-intron recognition is mediated by base pair for-
mation between the exon binding sites (EBS) of the intron and the corresponding intron
binding sites (IBS) on the exons [197]. In the case of group IIB introns, there are three
such contacts. EBS1 (with 5-7 nt the longest of the three sequences) and EBS2 bind the
5’-exon [198], whereas EBS3 forms a single base pair with the 3’-exon (Figure 4.1a and c).
Additionally, another base pair within the intron, the so-called δ-δ’ interaction helps to
stabilize the intron-exon contacts by positioning the sequentially distant EBS1 and EBS3
close to each other [199, 200] (Figure 4.1c). The EBS1·IBS1 interaction confers high speci-
city to the site of reinsertion of the intron, thus preventing insertion into sites from which
the intron cannot splice again. However, it has been shown that EBS sequences are not
conserved within dierent group II introns [198, 201, 202]. For this reason, any desired
sequence can be bound and cleaved by the intron in trans as long as the EBS and IBS se-
1All text, tables and gures are reproduced from [25]
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quences are complementary [203–206]. This characteristic endows group II introns with
a remarkable potential for gene therapy applications [207].
Figure 4.1: Location and secondary structure of EBS1 and dIBS1. (a) Scheme of the
proposed secondary structure of a group IIB intron. Base pairs between EBS1-3 (pur-
ple) and exonic IBS1-3 (green) as well as the δ and δ’ bases (orange) mediate correct
recognition of the 5’- and 3’-exon both in splicing and reverse splicing events. The six
domains of the intron (DI-DVI) and the four main branches of DI (Ia-Id) are labeled.
Sites of intron-catalyzed cleavage are marked with black arrows. (b) d3’EBS1·dIBS1, the
RNA·DNA hybrid construct used in this study. The sequences of nucleotide 5-25 of the
RNA (d3’EBS1) containing EBS1 (purple) and of dIBS1 DNA (green) are derived from
the Sc.ai5γ intron found in the cox1 gene of S. cerevisiae mitochondria. The base pairs
marked with light green/dark purple letters were mutated from A-T to G-C for the sake
of stability [208]. The nucleotides 1-4 and 26-29 (boxed) are added to the wild type se-
quence. (c) The spatial arrangement of the EBS·dIBS and δ-δ’ base pairs ensures binding
of both exons in the correct orientation for cleavage. Interactions are exemplied for a
double-stranded DNA target (gray).
Group II introns consist of six domains (DI-DVI) radiating from a central wheel (Figure
4.1a). DI, containing the EBS sequences, is the largest and constitutes an autonomous
folding entity to which other domains dock in the folding process [209–211]. Together with
DV it forms the minimal structure required for catalytic activity of the intron [212, 213].
Mg2+ ions play a critical role for both structure and function of group II introns and large
ribozymes in general [58,85,214,215]. Formation of a stable tertiary structure of the group
II intron is dependent on the presence of divalent metal ions [49, 210, 216]. Moreover,
several metal ion binding sites have been located in the active site [217–219] and a two-
metal ion mechanism [220,221] has been suggested to underlie intron catalysis [222,223].
In-cell studies establishing a correlation between the intracellular Mg2+ concentration and
the frequency of splicing and retrohoming buttress the relevance of Mg2+ for group II
intron catalysis [224–227]. The importance of the identity of the divalent metal ions bound
to the intron is underscored by the nding that the presence of Mn2+ can lead to a shift of
the cleavage site [228] and that already low amounts of Ca2+ decrease the turnover rate
by 50 % in the Sc.ai5γ intron [229].
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Although a wealth of genetic and biochemical investigations have shed light on group II
intron function, the information on tertiary structure is sparse. The group IIC intron of
Oceanobacillus iheyensis is the only entire group II intron for which crystal structures are
published [36, 79, 223, 230, 231].
In this paper, we present the rst structure of the complex between the d3’EBS1 hairpin
and the dIBS1 DNA, using EBS1·dIBS1 of the intron Sc.ai5γ, found in mitochondrial tran-
scripts of S. cerevisiae, as a model construct. We focus on a detailed analysis of the metal
ion binding properties of the complex as determined by NMR spectroscopy and Surface
Plasmon Resonance (SPR). As the same catalytic mechanism underlies intron-catalyzed
DNA and RNA cleavage, we compare our data to the structure and metal ion binding of
the analogous d3’EBS1·IBS1 homoduplex construct [23] and discuss common features rel-
evant for stable binding of the target and for the recognition of the cleavage site.
4.2 The NMR construct
In d3’EBS1·dIBS1 (Figure 4.1b), nucleotides 5-25 of the hairpin correspond to the sequence
of the d3’ hairpin from DI of the Sc.ai5γ group II intron (Figure 4.2a and b) except for
nucleotides 15 and 17 in EBS1, which are adenines in the wild type sequence. In order to
have a suitable starting sequence for in vitro transcription [232] and a more stable hairpin
stem, four base pairs were added to the stem (box in Figure 4.2b). The dIBS1 sequence is
a deoxyribonucleotide 7mer corresponding to the wild type sequence of dIBS1 except for
T-to-G mutations in position 61 and 63 matching the mutations of EBS1. The resulting G·C
base pairs are required to achieve a stable enough duplex formation for NMR investigation
(Table 4.3, see also references [23, 208].
4.3 Results
4.3.1 Characterization of dIBS1 binding to EBS1 by NMR spectroscopy
To verify stable formation of the EBS1·dIBS1 hybrid, we used [1H,1H]-NOESY spectra
recorded in H2O (Figure 4.2a). When d3’EBS1 or dIBS1 are measured separately in so-
lution, the imino protons of the recognition sequences (G13, G14, U18 and G19 of EBS1
and of G61, T62, G63 and T64 of dIBS1) cannot be observed as these regions are largely
unstructured, and the protons exchange rapidly with the solvent. The presence of reso-
nances for each of these protons (colored labels in Figure 4.2a) and of cross peaks within
and between EBS1 and dIBS1 is a clear indication that EBS1 and dIBS1 are indeed fully
base paired. Each imino proton in the d3’ stem can be attributed to one resonance (black
labels in Figure 4.2a), their chemical shifts being very similar to the ones observed for
the unbound d3’EBS1 [23] proving that addition of dIBS1 does not interfere with the base
pairing in the stem.
Sequence-specic assignment of the resonances of the nonexchangeable d3’EBS1 and
dIBS1 protons was accomplished using standard [1H,1H]-NOESY spectra and F1,F2-
[13C,15N]-ltered NOESY spectra [163] (Figure 4.2b and Appendix 7.1). The chemical shifts
of protons from the RNA stem are in excellent accordance with previously published ones
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for unbound d3’EBS1 [23]. The sequential cross peaks between U12 in the loop and G13
and G14 in EBS1 are very low in intensity (Appendix 7.1), probably due to an unusual
geometry at residue G13. The remaining loop residues display typical spectral features of
an A-form RNA except for A10-U12, whose ribose moieties are in C2’-endo conformation
according to the [1H,1H]-TOCSY data (Figure 4.4b).
Figure 4.2: dIBS1 adopts a helical structure upon binding to EBS1. (a) [1H,1H]-NOESY
of the exchangeable (imino) protons (5 °C, 110 mM KCl, 10 µM EDTA, in H2O, pH 6.8).
Presence of diagonal peaks for all G,T and U residues in the EBS1·dIBS1 helix and cross
peaks between neighboring dIBS1 residues (connected by green lines) and between EBS1
and IBS1 residues prove base pair formation between the two strands. (b) Superposition
of the F1,F2-[13C,15N]-ltered [1H,1H]-NOESY (colored) containing only peaks of IBS1
protons and the normal [1H,1H]-NOESY (gray) (both: 25 °C, 110 mM KCl, 10 µM EDTA,
in D2O, pD 6.8). Intense sequential cross peaks between dIBS1 residues (labeled in bold-
face and connected by lines) indicate that dIBS1 assumes a stable fold. Cross peaks
between proton resonances of dIBS1 C59 and EBS1 proton resonances are labeled.
For dIBS1, the cross peak intensity pattern in the [1H,1H]-NOESY and [1H,1H]-TOCSY (Fig-
ures 4.3 and 4.4) reveals an unusual geometry of the DNA strand. In the [1H,1H]-TOCSY all
dIBS1 nucleotides, except for C65, which displays the C3’-endo cross peak pattern, display
cross peaks of intermediate intensity for both the H1’-H2’ correlation and the H3’-H4’ cor-
relation, which is atypical for a pure C3’-endo or C2’-endo conformation. This can signify
either conformational exibility of the deoxyribose rings or a rare O4’-endo conformation.
The latter however is associated with a very short H1’-H4’ distance (2 Å) [157], which the
NOESY data only suggest for T62 and T64 (data not shown). Additionally, the intensity
dierence between the H2’-H6/8 and the H2”-H6/H8 NOESY cross peaks (Figure 4.3) and
a systematically higher J1’2’ than J1’2” coupling characteristic for B-form DNA are not ob-
served. It is thus clear that the DNA neither adopts the A-form of its EBS1 binding partner
nor B-form geometry, which is the preferred one of DNA. Additionally, the rather broad
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DNA cross peaks suggest conformational exchange within dIBS1 (Figure 4.3).
Figure 4.3: [1H,1H]-NOESY spectrum of d3’EBS1·dIBS1 showing cross peaks between
H2’/H2” and H6/H8 protons of dIBS1. On the right, the residue of the H6/H8 resonance
is indicated. The intraresidue cross peaks are labeled in black, the interresidue cross
peaks are labeled in gray. The sequential walk of intra- and inter-residue H2”-H6/8
cross peaks is shown as a black line. In a standard B-form conformation cross-peak pat-
tern, the H2’(i)-H6/8(i) (intraresidue) cross peak is more intense than the H2”(i)-H6/8(i)
cross peak whereas the H2”(i-1)-H6/8(i) (interresidue) cross peak is more intense than
H2’(i-1)-H6/8(i). The fact that no such pattern is observed rules out a stable B-form con-
formation of the DNA and the rather broad appearance of the peaks points out exibility
of dIBS1. The spectrum was recorded in D2O at 25 °C (110 mM KCl, 10 µM EDTA, pD
6.8).
4.3.2 The solution structure
The ensemble of the 18 d3’EBS1·dIBS1 conformers (Figure 4.5a) of lowest energy shows
good convergence of the heavy atoms, represented by the low overall root mean square
deviation (RMSD) of 1.00 Å (Table 4.1). In the short helix formed by dIBS1 and EBS1 (Figure
4.5b), the backbone trajectory of the dIBS1 strand varies. The stem, which is a regular A-
form helix and the EBS1·dIBS1 helix are nearly parallel to each other but slightly shifted in
all 18 conformers. This shift is due to the uneven number of unpaired bases on the 5’- and
3’-side of EBS1 (see A10, U11, U12 and A20 in Figure 4.5d). A20 on the 3’-end of the loop
forms a bridge between the stem and the EBS1·dIBS1 helix by stacking in between their
terminal base pairs C59·G19 and U9·G21. Opposite of A20, A10 on the 5’-end of the loop
is stacked on U9, and in some conformers U11 and U12 also display stacking interactions
(Figure 4.5d). In this arrangement, it is probable that hydrogen bond formation between
A10N61 and A20N1 further stabilizes the structure. The single-stranded nucleotides not
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Figure 4.4: Sugar proton region of a [1H,1H]-TOCSY spectrum of d3’EBS1·dIBS1. (a)
H1’-H2’/H2” cross peaks of dIBS1 nucleotides. (b) H1’-H2’ cross peaks of A10-U12 and
H3’-H4’ cross peaks of dIBS1. An intense H3’-H4’ and a weak or absent H1’-H2’ cross
peak indicates a C3’-endo sugar pucker, found in A-form DNA and RNA while the op-
posite situation is characteristic of a C2’-endo pucker typical for B-DNA. All H3’-H4’
cross peaks belonging to dIBS1, have similar and intermediate intensities except for
C65H4’-H3’, which is more intense, pointing out a C3’-endo conformation. For com-
parison, the very intense H2’-H1’ cross peaks of A10, U11 and U12 corresponding to a
C2’-endo conformation are shown, other RNA H2’-H1’ cross peaks that would be located
in this spectral region are invisible due to the stem nucleotides having regular C3’-endo
sugar pucker. The spectrum was recorded on a sample containing partially deuterated
d3’EBS1 and natural abundance dIBS1 D2O at 25 °C (110 mM KCl, 10 µM EDTA, pD 6.8).
only stabilize the junction between the d3’ stem and EBS1·dIBS1 but also seem to x the
position of the 5’-end of dIBS1. The observation of several cross peaks between protons
of C59, the 5’-terminal nucleotide of dIBS1, and A10, U11, U12 and A20 (Figure 4.2b) agree
well with the position of C59, which is placed in between A10 and U11 or U12 at the 5’-end
of the loop and A20 on the 3’-end (Figure 4.5d).
In contrast to C59, C65, where cleavage occurs, is in an exposed position. Between U12
and G13 of EBS1, a sharp turn or kink changes the direction of the RNA backbone (Figure
4.5c). This kink moves the bases of G13 and U12 far apart so that stacking interactions are
only possible between G13 and G14. This explains why NOE correlations between U12H1’
and G13H8 are extremely weak if observed at all (Appendix 7.1) because both protons are
separated by a distance greater than 6 Å.
4.3.3 The variable non-standard conformations of EBS1·dIBS1 cause its low
stability.
Since it was evident from TOCSY and NOESY spectra that dIBS1 does not assume any
standard helical conformation and seems to be subject to conformational exchange, we
evaluated more closely the geometry of EBS1 and dIBS1 in the hybrid duplex in ve of
the 18 lowest energy structures with visibly dierent backbone trajectories on the side of
dIBS1 (Figure 4.5b), representing possible ts to the NOE data. Importantly, no dihedral
angle restraints limiting the sugar pucker of the dIBS1 nucleotides were included in the
calculation. As RNA is conformationally less tolerant than DNA, the geometries of hybrid
duplexes are usually reported to be more similar to A-form [233–235]. In agreement with
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Table 4.1: NMR experimental restraints and renement statistics for the 18 lowest en-
ergy structures of d3’EBS1·dIBS1 out of 200 calculated structures.
NOE distance restraints 733
~ intraresidue (j − i = 0) 240
~ interresidue (k − i = 1) 351
~ long-range (n− i > 1) 75
~ between EBS1 and dIBS1 67
~ within dIBS1 161
~ mean number per residue 20.4
hydrogen-bonding (base pair) restraints 82
dihedral angle restraints 247
~ mean number per residue 6.9
RDC restraints 21
violations
distance > 0.2 Å 0
distance > 5° 0
RMSD of all heavy atoms vs. the mean structure in Å
global 1.00±0.34
helical stem (residues 1-9, 21-29) 0.53±0.25
EBS1·dIBS1 (residues 13-19, 59-65) 0.60±0.17
this, the EBS1 strand adopts an A-form geometry even in control calculations, where only
the α and ζ backbone angles are loosely restrained to the trans range, which is in line with
the [1H,1H]-NOESY and [1H,1H]-TOCSY data. However, in contrast to EBS1, comparison
of the backbone and sugar pucker-dening angles (Table 4.2) of dIBS1 to the standard an-
gles found in A-form or B-form DNA proves that dIBS1 conforms to neither conformation
in any analyzed trajectory. Another remarkable feature of the EBS1·dIBS1 duplex is the
fact that all of the ve conformers have a signicantly narrower minor groove than major
groove (14.8 Å vs. 16.4 Å on average), which is normally a feature of B-DNA. The deoxyri-
bose rings of the dierent dIBS1 nucleotides have dierent sugar puckers and seem to be
able to exchange between similar sugar puckers with the exception of T62 and G63 (O4’-
endo) and C65 (C3’-endo), which have the same conformation in all analyzed structures
(Table 4.2). This asymmetric structure of the EBS1·dIBS1 duplex adds a new variation to
the continuum of helical conformations that can be observed for RNA·DNA helices, de-
pending on the exact sequence and the distribution of purines and pyrimidines in each
strand [236–238].
SPR experiments were performed to investigate the impact of the conformational hetero-
geneity on EBS1·dIBS1 stability. At 25 °C, in the absence of any divalent metal ions, the
KD of EBS1·dIBS1 is 29 ± 6 µM (Table 4.3). This value is at the upper limit of what can
be accurately measured by the instrument and hence should be considered an estimate.
For comparison, the KD of the RNA·RNA duplex of EBS1·IBS1 is about 200 times lower
(Table 4.3), due to the much lower dissociation rate of IBS1 RNA from EBS1. Given that
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Figure 4.5: Solution structure of d3’EBS1·dIBS1. EBS1 nucleotides are colored purple,
dIBS1 nucleotides are shown in green, nucleotides in single-stranded regions are shown
in light gray, residues of the helical stem are shown in dark gray. (a) The 18 conform-
ers of lowest energy superimposed by their heavy atoms. Hydrogen atoms are omitted
for simplicity. (b) The EBS1·dIBS1 helix. While the EBS1 backbone traces are well con-
verged, the dIBS1 backbone trajectory diers between the 18 conformers. (c) Close-up
of the kink in the RNA backbone between U12 and G13. The sharp turn of the backbone
moves G13 far from U12 and exposes it to the solvent on the 5’-side. (d) Two examples
of the conformation of the single-stranded nucleotides that link EBS1·dIBS1 with the
helical stem. A10 and A20 stabilize the junction of the stem helix and the EBS1·dIBS1
hybrid by stacking interactions. U11 and U12 show largest conformational variability
among the d3’EBS1 nucleotides.
the EBS1·IBS1 homoduplex is a regular A-form helix [23], the heterogenous geometry of
the EBS1·dIBS1 hybrid must be causing this drastically decreased anity. To obtain more
reliable data for the EBS1·dIBS1 interaction, we repeated the experiments at 15 °C, where
the anity is higher, and determined a KD of 1.65 ± 0.2 µM (Table 4.3). We also tested
the inuence of low millimolar concentrations of Mg2+ on the stability of the interaction
(Figure 4.6 and Table 4.3). Strikingly, in the presence of only 1 mM Mg2+, which is in
the range of the physiological intramitochondrial Mg2+ concentration [239, 240], ko and,
consequently KD decrease by a factor of 6 and 4.6, respectively, and in the presence of
2 mM Mg2+ the KD is about one order of magnitude lower than in the absence of Mg2+.
This demonstrates that Mg2+ is of vital importance to stabilize EBS1·dIBS1 by inhibiting
dissociation of the two strands. Importantly, all experiments were carried out in a buer
with an equal ionic strength of 110 mM KCl sucient to provide charge screening of the
polyanionic sugar-phosphate backbone. Consequently, the stabilization induced by Mg2+
is of a specic nature and not simply a charge compensation eect.
Also, the anity of the RNA·RNA contact is increasing upon addition of Mg2+ (Table 4.3).
Wherease the RNA·RNA contact shows a very similarKD in 1 and 5 mM Mg2+, suggesting
that the maximum anity has been reached, the KD of the RNA·DNA contact seems to
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Figure 4.6: Sensorgrams of dIBS1 to d3’EBS1 binding in the presence of dierent con-
centrations of Mg2+. The legend is sorted in the order of injection of the dierent dIBS1
concentrations. The injection starts at t = 0 s and ends at t = 60 s. All experiments were
carried out at 15 °C. In the presence of 5 mM Mg2+, an additional injection with 0.25
µM dIBS1 was added to sample the concentration range around the lowered KD better.
The presence of increasing amounts of Mg2+ markedly slows down the dissociation of
dIBS1 (t > 60 s) from d3’EBS1. Note the decreasing total maximum RU value (RUmax)
reached in 1 and 5 mM Mg2+ and the lower RUmax reached in the second injection of 4.0
µM dIBS1 relative to the rst injection, which indicate Mg2+-enhanced self-cleavage of
d3’EBS1 from biotin.
stabilize only at 10-20 mM Mg2+. Also, [Co(NH3)6]3+ enhances the anity of dIBS1 for
d3’EBS1 (Appendix 7.2). [Co(NH3)6]3+ is a kinetically stable complex, which mimics a
hexahydrated Mg2+ ion. It thus probes for outer-sphere binding events of Mg2+, that means
a coordination mediated by the water ligands [183]. In 1 mM [Co(NH3)6]3+, the KD of
dIBS1 binding to d3’EBS1 is 0.05 µM (kon=0.14 µM−1s−1, ko=0.008 s−1, 15 °C) and thus
is comparable to the values obtained in 20 mM Mg2+ (Table 4.3). [Co(NH3)6]3+ binds to
nucleic acids with higher anity than Mg2+ [241,242], explaining the stronger stabilization
eect. The ability of [Co(NH3)6]3+ to stabilize EBS1·dIBS1 suggests that specic inner-
sphere contacts between Mg2+ and EBS1·dIBS1 are not required for the stabilization.
For comparison, SPR data for the wild type sequences of d3’EBS1 and (d)IBS1 were col-
lected. The wild type EBS1·(d)IBS1 helix has two A·U base pairs (instead of C·G) in posi-
tions 15·63 and 17·61 (Figure 4.1b, Section 4.2), which is reected in the drastically lower
stabilities of wild type d3’EBS1·(d)IBS1 (Table 4.3). Just like the mutant, the wild type con-
tact is eciently stabilized by Mg2+ addition. In fact, precise rate constants can only be
measured in the presence of at least 5 mM Mg2+.
4.3.4 Two metal ion binding sites are located in the EBS1·dIBS1 region
As Mg2+ is critical not only for EBS1·dIBS1 stability but for the folding of group II introns
and retrohoming in general, we localized Mg2+ binding sites by a combination of Mg2+,
Mn2+ and [Co(NH3)6]3+ titrations.
To determine Mg2+ binding sites, an NMR sample was titrated with millimolar concentra-
tions of Mg2+ and [Co(NH3)6]3+. A plot of the chemical shift dierences ∆δ of the protons
of d3’EBS1·dIBS1 in the presence of 3 mM Mg2+ and 2 mM [Co(NH3)6]3+ is depicted in Fig-
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Table 4.3: Inuence of Mg2+-addition on the kinetics of (d)IBS1 binding to d3’EBS1
and (d)IBS1wt binding to d3’EBS1wt as determined by SPR experiments. Listed are the
arithmetic means and one standard deviation of kon, ko and KD from measurements
on two dierent sensor chips.
analyte, T c(Mg2+) in mM kon in µM−1s−1 ko in µM−1s−1 KD in µM
dIBS1
DNA,
15 °C
0 0.11±0.04 0.18±0.08 1.65±0.20
1a 0.08 0.03 0.36
2 0.15±0.07 0.02±0.01 0.20±0.03
5 0.19±0.06 0.01±0.01 0.10±0.01
10a 0.20 0.01 0.07
20 0.19±0.01 0.01±0.01 0.05±0.01
0b 0.12±0.01 0.21±0.04 1.60±0.14
dIBS1
DNA,
25 °C
0c 0.05±0.02 1.45±0.35 29.0±5.65
1a 0.21 0.64 3.00
5a 0.24 0.18 0.72
IBS1
RNA,
25 °C
0 0.10±0.02 0.015±0.010 0.15±0.03
1 0.17±0.08 0.006±0.001 0.04±0.02
5 0.21±0.13 0.005±0.001 0.03±0.01
dIBS1wt
DNA,
15 °C
0ad - - 747
5ac 0.04 0.89 25.5
20a 0.05 0.42 8.17
IBS1wt
RNA,
15 °C
0c 0.05 1.15 21.3
5a 0.05 0.14 2.92
20a 0.08 0.06 0.71
a only one measurement was performed
b the 0 mM measurement was repeated to rule out on inuence of Mg2+-induced degra-
dation on the kinetic parameters
c rate constants are at the instrument limit
d rate constants are outside the instrument limit, KD was determined by tting to the
equilibrium RUmax values
ure 4.7. In the middle of the d3’ stem the protons of the two base pairs G4·C26 and U5·A25
react to Mg2+ addition with intermediate chemical shift changes (Figure 4.7a). U5H6 and
G4H8 resonances also shift strongly in the presence of the larger [Co(NH3)6]3+ molecule
indicating that the d3’ stem contains a binding site that is accessible for both hydrated and
bare Mg2+ ions. In the loop region (Figure 4.7b), U11H1’, U12H1’ and A20H8 and A20H2
display intermediate ∆δ values while A10H2, G21H1’ and C59H6 experience strong chem-
ical shift changes > 0.05 ppm in the presence of both Mg2+ and [Co(NH3)6]3+. C59H6 is
most aected, moving by 0.074 ppm. These ndings suggest that the U9·G21 wobble pair
that closes the loop, the adjacent single stranded region, and C59 constitute a Mg2+ binding
site. In a similar titration experiment of [1H,15N]-HSQC correlations (data not shown), the
chemical shifts of A10N3 and A20N1 changed by 0.5 ppm upon addition of 3.5 mM Mg2+,
which corroborates this nding. G13 proton cross peaks were not observable during the
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Figure 4.7: Chemical shift changes ∆δ in-
duced by Mg2+ and [Co(NH3)6]3+ of (a) RNA
proton resonances of the d3’ stem and (b)
RNA and DNA proton resonances of the
loop region and EBS1·dIBS1. Displayed are
the chemical shift dierences between 3
mM and 0 mM Mg2+ (dark gray) and be-
tween 2 mM and 0 mM [Co(NH3)6]3+ (light
gray). Only resonances with a chemical
shift dierence of ≤ 0.02 ppm for either
2 mM Mg2+ or 3 mM [Co(NH3)6]3+ were
taken into account. For G13 there are no
data in the presence of Mg2+ (*) because the
peaks were not detectable in the spectra.
Residues are ordered from left to right as il-
lustrated on the right-hand side of the plot
(see numbering in Figure 4.1b).
titration with Mg2+, but addition of 2 mM [Co(NH3)6]3+ has a large impact on G13H8. Also,
the H1’ of G13 and H5 of C65 experience intermediate ∆δ in reaction to both [Co(NH3)6]3+
and Mg2+. This indicates a second binding site near the other end of the EBS1·dIBS1 helix.
Within the EBS1·dIBS1 interaction, the A60·U18 base pair is most inuenced by Mg2+. H1’
and H8 of G1 display very drastic shifts in the presence of Mg2+, which result from Mg2+
binding to the di- or triphosphate moiety only present on the 5’-nucleotide [185, 218]. As
this binding site, which also causes the ∆δ of C29 and G2 protons, does not exist in the
context of the whole intron, we will not discuss it any further.
A Mg2+-induced chemical shift change of a proton can be the result of coordination of Mg2+
at the same residue or of subtle structural rearrangements caused by Mg2+ coordination
in the vicinity. It can also be a mixture of both eects. However, the relative cross peak
intensities in ngerprint regions such as the H1’-H6/8 and H2’/H2”-H6/8 cross peaks in the
[1H,1H]-NOESY and the intense A10-U12 H1’-H2’ C65 H3’-H4’ cross peaks in the [1H,1H]-
TOCSY remain unchanged in the presence of up to 4 mM Mg2+ and 2 mM [Co(NH3)6]3+
(data not shown) 2. This means that neither metal ion causes signicant changes in the
d3’EBS1·dIBS1 structure.
To locate Mg2+ binding sites more precisely, titration experiments were conducted with
metal ions that aect NMR parameters other than the chemical shift. Mn2+ is a param-
agnetic metal ion. Its binding to RNA at specic sites promotes relaxation of the protons
in the vicinity, depending on the distance between the manganese and the proton nu-
cleus [180]. At low ratios of Mn2+ to RNA (1:100), selective broadening of the resonances in
Mn2+ binding sites can be monitored [243,244] undisturbed by structural rearrangements.
2Other H1’-H2’ or H3’-H4’ TOCSY correlations could not be reliably analyzed due to line broadening.
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Figure 4.8: Mn2+ binding causes line-
broadening of RNA and DNA protons.
Superposition of the [1H,1H]-NOESY spec-
trum (25 °C in D2O, 110 mM KCl, 10 µM
EDTA, pD 6.8) recorded in the absence of
Mn2+ (red) and in presence of 60 µM Mn2+
(black), respectively. Unless otherwise
noted, all labeled resonances in F1 belong
to H6 or H8 protons and resonances in F2
to H1’ protons. Peaks that have broadened
below the detection threshold due to the
presence of Mn2+ appear in red. Some cross
peaks like A20H1’-H8 and A20H8-G19H1’
display severe broadening but are still
detectable, indicating a weaker interaction
of the proton and the Mn2+ ion.
We therefore recorded [1H,1H]-NOESY spectra in the presence of dierent micromolar
Mn2+ concentrations (Figure 4.8). At 60 µM, very few peaks are already broadened below
the detection limit, thereby indicating good binding sites for Mn2+. Among the central
residues in the d3’ stem only G4 and A3 appear to be sensitive to the presence of Mn2+.
In the loop region, various protons are inuenced by Mn2+, but less strongly. The cross
peaks between A10 and U11 and between U11 and U12 are not observable anymore in 60
µM Mn2+. A20H8 and H1’ also appear broader but are still observable. These ndings
support the idea of metal ion binding occurring at the single-stranded loop residues but
imply low tendency of Mn2+ to bind here. C65H5 and T64H6 at the 3’-end of dIBS1 as well
as G14H1’ and H8 of EBS1 are broadened to baseline, indicating strong binding near the
cleavage site. G13 resonances were not observed in either the absence or the presence of
Mn2+ and could not be evaluated.
Finally, we performed structure calculations of [Co(NH3)6]3+ bound to d3’EBS1·dIBS1.
Apart from the chemical shift changes that [Co(NH3)6]3+ binding induces (Figure 4.7),
NOEs between DNA or RNA protons (Table 6.2 in the Experimental Section) and the 18
protons of the NH3 ligands can be observed upon binding of the complex to the nucleic acid
in [1H,1H]-NOESY spectra. This fact is exploited to localize metal ion binding sites on DNA
or RNA molecules [182, 245]. These NOEs were used to calculate the solution structure of
d3’EBS1·dIBS1 with three [Co(NH3)6]3+ molecules bound. To obtain a more comprehen-
sive picture of the eect of dierent metal ions on dierent parts of d3’EBS1·dIBS1, we
mapped the results of Mg2+, Mn2+ and [Co(NH3)6]3+ titrations on this structure (Figure
4.9a). Evidently, the three calculated [Co(NH3)6]3+ binding sites (large dark blue spheres)
coincide well with the protons reacting to the addition of Mg2+ (gray spheres) and Mn2+
(yellow spheres) and with protons that are strongly aected by at least two dierent metal
39
4. EBS1·dIBS1 of a group iib intron
species (cyan spheres).
Ultimately, three metal ion binding sites of d3’EBS1·dIBS1 can be dened: the rst one
is located in the lower part of the RNA stem centered at the G4·C26 base pair, and the
second and third site are found in the loop region. Of the latter two, one is located at the
stem-loop junction, involving the unpaired bases on both sides of EBS1 and the G19·C59
base pair, and the other is formed between dIBS1 and EBS1, near the 5’-end of the EBS1.
All of the resulting binding sites are situated in the major groove of either the stem or
of EBS1·dIBS1. Figure 4.9a also demonstrates that Mg2+-induced chemical shift changes
alone (represented by gray spheres) often coincide well with the eect of other metal ions,
indicating true binding regions. However, chemical shift changes can also be caused by
structural eects on protons in the vicinity of a binding site [77] as is the case for U9H2’
and U7H6 (see arrows in Figure 4.9a).
The proposed binding sites agree well with the electrostatic surface potential of
d3’EBS1·dIBS1 (see arrows in Figure 4.9b and 4.9c). In the case of the loop binding site close
to G13·C65, the electrostatic surface potential map reveals a small, negatively charged tun-
nel that is formed between dIBS1 and EBS1. Probably, the Mg2+, attracted by the negative
charge, binds further inside this tunnel and interacts with N7 of G13 or G14. This possi-
bility is not reected by the calculated position of the [Co(NH3)6]3+ ion, which is probably
due to the complex being too big to enter the tunnel. In contrast to Co3+ in [Co(NH3)6]3+,
both Mg2+ and Mn2+ can shed their water ligands partly or entirely and make inner-sphere
contacts to nucleic acid ligands. Importantly, the addition of the much smaller Mn2+ ion
has an eect on G14 protons, whereas [Co(NH3)6]3+ addition does not, which supports the
concept of Mg2+ and Mn2+ binding further inside the tunnel than [Co(NH3)6]3+.
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Figure 4.9: Proposed metal ion binding sites of d3’EBS1·dIBS1 and their relation to the
electrostatic surface potential. (a) Metal ion binding regions dened by titration ex-
periments. The eect of the three dierent metal ions Mg2+, Mn2+ and [Co(NH3)6]3+
are mapped onto the structure of d3’EBS1. Protons suering only complete line broad-
ening at 60 µM Mn2+ are shown as yellow spheres. Protons displaying only NOEs to
[Co(NH3)6]3+ protons are shown as blue spheres. Protons experiencing only chemical
shift dierences ≤ 0.02 ppm in presence of 3 mM Mg2+ are shown as gray spheres.
Protons featuring at least two of these three eects are shown as cyan spheres. The
positions of bound [Co(NH3)6]3+ ions were dened by rMD calculations. Co3+ central
ions are shown as large, dark blue spheres, the ammine ligands are omitted for the sake
of clarity. A [Co(NH3)6]3+ molecule with ligands is shown on the right for size compar-
ison. (b) and (c) Electrostatic surface representation of d3’EBS1·dIBS1 displaying three
patches of negative potential. The potential is represented by a color gradient from red
(−667 mV) to blue (128 mV).
4.4 Discussion
In this study, we present the rst solution structure of an EBS1·dIBS1 hybrid representing
the recognition and cleavage site of a group IIB intron and a DNA target. In the absence
of their binding partner, dIBS1 is entirely unstructured and d3’EBS1 forms a stable hairpin
with an unstructured loop region [23]. Upon dIBS1 binding to EBS1, the two form a short
hybrid helix whose position relative to the stem is determined by the stacking interactions
and putative hydrogen bonds between the single-stranded nucleotides surrounding EBS1.
Due to EBS1·dIBS1 helix formation, the loop backbone is no longer exible and is forced to
assume a sharp turn between the rst nucleotide of EBS1 and U12/δ base. These structural
features are highly similar to those of the analogous RNA·RNA interaction of d3’EBS1·IBS1
that was previously solved in our group (Figure 4.10, compare Figure 4.10a and Figure 4.5).
Based on this structure, we argued that the position of EBS1 in the loop and the length of
the loop forcibly leads to formation of this turn upon IBS1 binding and hence to adjusting
the scissile bond at the 3’-OH of C65 in a dened position easily accessible for the other
active site components. In this paper, we demonstrate that also the dIBS1 target strand
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induces the same characteristic kinked structure of the recognition complex, although it
has a much weaker anity and dierent conformation when bound to EBS1 as opposed to
the RNA target. Also, in the crystal structure of a substrate-bound group IIC intron [231],
a very similar turn is observed between δ and the rst EBS1 nucleotide, and δ’ and IBS1
bind from dierent sides, thus supporting a general relevance of the kink for the active site
architecture. The helical geometries of EBS1·dIBS1 and EBS1·IBS1 are very dierent on
the side of the target strand. This dierence strongly suggests that the specic geometry
of EBS1·(d)IBS1 is not relevant for cleavage site recognition, with the exception of C65.
At C65, the cleavage site, the structure of dIBS1 and IBS1 is more similar. C65 in dIBS1
has the (for DNA) unusual C3’-endo sugar pucker, which it naturally has in IBS1 RNA.
Probably, this conformation is meaningful for the alignment of the scissile bond in the
active center and the coordination of the catalytic Mg2+ ions, and thus it must be the same
in both DNA and RNA targets. The importance of the conformation of C65 is underlined
by the crystal structure of the group IIC intron of O. iheyensis, in which two metal ions
are coordinated in the active site between the backbone of the 3’-terminus of IBS1 and
the catalytically relevant nucleotides of DV [231], in a position and mutual distance that
would allow catalysis by a two-metal ion mechanism [222].
The RNA·RNA and the RNA·DNA contacts dier in the relative orientation of the
EBS1·(d)IBS1 helices to the d3’ stem (Figure 4.10b and c); EBS1·IBS1 is more tilted than
EBS1·dIBS1, resulting in a dierent position of the cleavage site with respect to the stem
(Figure 4.10c). One possible interpretation is that the hybrid helix, being more exible
than the homoduplex, can arrange in a way that maximizes stacking onto the stem helix,
whereas the RNA·RNA interaction is too rigid for this. Within the full-length intron, how-
ever, this dierence might be of little consequence, because a multitude of interactions such
as the δ-δ’ base pair (Figure 4.1c) and tertiary contacts between DV and EBS1·IBS1 [246]
as well as contacts between the target strand and the auxiliary protein components of the
IEP inuence the exact cleavage site position.
The dierence in geometry between the RNA·RNA and the RNA·DNA interaction causes
the latter to be markedly less stable. This is well in line with previous studies attesting
lower melting temperatures and lower thermodynamic stability to hybrid helices in com-
parison to RNA·RNA homoduplexes of corresponding sequence [247–249]. We could show
by SPR measurements that Mg2+ concentrations similar to the physiological concentration
stabilize both the RNA·DNA and the RNA·RNA interaction strongly without altering the
overall helical geometry. Control experiments did not reveal any changes in the fold or
the exibility of the unbound d3’EBS1 loop upon Mg2+ addition [23]. This is in line with
the observation that Mg2+ has little inuence on the association of EBS1 and dIBS1. In
contrast to this, Mg2+ strongly decreases the dissociation rate constant. Probably, Mg2+
helps to prevent dissociation of the exon-intron recognition complex until all active site
components have been assembled or even throughout the cleavage reaction. In the follow-
ing, the metal-ion binding sites relevant for this stabilization will be evaluated. At the K+
and Mg2+ concentrations used, it is probable that also diuse Mg2+ ions play a role in the
stabilization of EBS1·(d)IBS1 [250]; a detailed quantication of their inuence, however, is
beyond the scope of this work. We thus focus the discussion on the site-bound Mg2+ ions.
The binding site found in the d3’ RNA stem of d3’EBS1 shows a preference for
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Figure 4.10: Comparison of the solution structures of the d3’EBS1·dIBS1 RNA·DNA
contact and the d3’EBS1·IBS1 RNA·RNA contact. (a) Structure of d3’EBS1·IBS1. (b,c)
Overlay of the backbone traces of d3’EBS1·dIBS1 (light gray) and d3’EBS1·IBS1 (dark
gray) (b) aligned by the backbone atoms of nucleotides 13-17 (in EBS1) and 61-65 (in
dIBS1) close to the cleavage site (RMSD = 1.17 Å), and (c) aligned by the heavy atoms
of the stem nucleotides (1-9 and 21-29, RMSD: 1.45 Å) showing only the G13·C65 base
pair directly next to the cleavage site. (d) Electrostatic surface potential representation
of d3’EBS1·dIBS1 and (e) of d3’EBS1·IBS1 depicting the strongly negative potential (in-
dicated by the dark shade) in the tunnel formed by the major groove of the EBS1·(d)IBS1
helix. Images of d3’EBS1·IBS1 were prepared from pdb entry 2M23 [23].
[Co(NH3)6]3+ or hydrated Mg2+ because for almost all protons, 2 mM [Co(NH3)6]3+ cause
stronger chemical shift changes than 3 mM Mg2+ (Figure 4.7a), and a wealth of NOE corre-
lations to [Co(NH3)6]3+ are observed. Such outer-sphere binding sites in the major groove
are regularly found in RNA [183]. Possibly, this binding site contributes to stability (e.g. by
making the d3’ stem more rigid). However, the two metal ion binding sites in the loop re-
gion (Figure 9A) directly involve EBS1 and dIBS1 nucleotides and thus seem more relevant
for the anity of d3’EBS1·dIBS1 in the presence of Mg2+. These are located in the major
groove at the two termini of EBS1·dIBS1. Neither binding site shows a clear preference for
inner- or outer-sphere binding. In general, the NMR and SPR data do not provide an exact
characterization of the mode of interaction [54,55] of the Mg2+ ion with each binding site,
because all three metal ions tested are able to interact with each binding site and because
both Mg2+ and [Co(NH3)6]3+ eciently enhance anity of dIBS1 for d3’EBS1.
Metal ion binding at the 5’-end of dIBS1 may reduce the exibility of the unpaired nu-
cleotides and contribute to stabilize this end of the EBS1·dIBS1 helix, by accepting ligand
atoms from C59, G19 and the unpaired nucleotides surrounding them. In the second loop
binding site, located between EBS1 and dIBS1 close to the G13·C65 and G14·T64 base pairs,
Mn2+ and Mg2+ seem to be able to bind deeper inside the tunnel-shaped major groove than
[Co(NH3)6]3+. This indicates that a Mg2+ ion might be able to move slightly within this
binding region by exchanging some of its hydration shell with nucleic acid ligands. Such
partial inner-sphere coordination is well in line with crystal structures of RNAs in general,
which show that the vast majority of Mg2+ ions are partially dehydrated [75,251]. In gen-
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eral, the combination of the kink in the sugar-phosphate backbone at G13 and the short
and tunnel-shaped major groove of EBS1·dIBS1 seems ideal to attract metal ions because it
provides a suitable shape and accumulates negative charge in a small region. The G9·U21
wobble pair closing the loop, which is known for its anity towards metal ions, completes
this binding platform.
Mg2+ titrations of d3’EBS1·IBS1 indicate that Mg2+ binds to the same regions in both con-
structs [23]. This means that the overall structure described above, which is common to
the RNA·RNA and the RNA·DNA contact (Figure 4.10b-e) is much more relevant to attract
metal ions than the specic geometry of the EBS1·(d)IBS1 helix including the exact width
of the major groove, which is dierent (Figure 4.10d and e). Moreover, this structure is
supposed to form independently of the exact sequences of dIBS1 and EBS1, provided the
length and position of EBS1 in the d3’ loop are suitable (see above and reference [23]).
The hypothesis of equivalent Mg2+ binding to dierent EBS1·(d)IBS1 sequences is tenta-
tively supported by the observation that also the wild type sequences of d3’EBS1·IBS1 and
d3’EBS1·dIBS1 show much higher anities in the presence of low milimolar Mg2+ con-
centrations. However, localization of these binding sites and structure determination is
impeded by the low anity of the wild type recognition complexes.
It thus is reasonable to assume that similar structural features as described above are used
by dierent group II introns to attract stabilizing metal ions to the EBS1·IBS1 complex. In
the case of the O. iheyensis group IIC intron, a binding site for divalent metal ions is found
in the d3’ stem major groove near the single-stranded nucleotides framing EBS1 [231].
Furthermore, G·U wobble base pairs are found at dierent positions within EBS1·IBS1 (as
in RmInt1 [252], ScB1 and SoPETD [198] and EcI5 introns [253] or at the nal base pair of
the d3’ stem (as in Pl.LSU/2 [254], Ll.LtrB [255] introns) in other group II introns supporting
the idea that metal ion binding in EBS1·IBS1 is a common feature.
It has been shown both in bacterial and eukaryotic cells that the eciency of retrohoming
is strongly coupled to the Mg2+ concentration in the cell [226,227]. In fact, the lower Mg2+
concentration of the eukaryotic cell limits the retrohoming eciency of group II introns
that are of bacterial origin. Probably, group II introns residing in eukaryotic genomes have
evolved to make optimal use of the available Mg2+ (e.g. by promoting structures such as
the one of the cleavage site recognition complex described herein).
4.5 Accession codes
Structure coordinates and NMR restraint les have been deposited to the PDB with the
accession code 2M1V. 1H, 13C and 15N chemical shifts have been deposited to the BMRB
with the accession code 18881.
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5.1 Introduction
5.1.1 Discovery
Until recently, small self-cleaving ribozymes were thought to exist only in satellite RNA
sequences. These sub-viral agents are capable of co-infecting their host depending on
infection with a helper virus. The self-cleavage activity of these ribozymes is used to
separate multiple copies of the genome generated during rolling circle replication (Figure
3.5a).
Although the rapid progress in bioinformatic (and in vitro selection) techniques helped to
locate small ribozymes in the genomes of several organisms, the discovery of such self-
cleaving sequences in mammalian genomes was unexpected. To date, very few mammalian
sequences have been reported to possess self-cleavage activity. These include: the CoTC
motif in the 3’-UTR of the β-globin gene [115]; a discontinuous hammerhead ribozyme in
the 3’-UTR of C-type lectin type 2 genes [256]; a hammerhead ribozyme in an intron of a
tumor suppressor gene [257]; and four human sequences in the olfactory receptor OR4K15,
in the insulin-like growth factor 1 receptor IGF1R, in a LINE 1 retrotransposon and in the
cpeb3 gene [92]. However, only the CPEB3 sequence has been investigated in more detail.
The discovery of the CPEB3 ribozyme [92] was the result of an elegant in vitro selection
approach [120] using a human genomic library of circularized fragments and selecting
self-cleaving sequences without any prior knowledge about the cleavage site sequence.
The CPEB3 ribozyme resides in the second intron of the cpeb3 gene, which encodes a
cytoplasmic polyadenylation element binding protein. Self-cleavage of the bond between
the -1 nucleotide and the rst nucleotide (G1) of the ribozyme thus disrupts the pre-mRNA
of the CPEB3 protein.
CPEB proteins regulate mRNA translation in the cytoplasm by promoting 3’-
polyadenylation of the mRNA but can also act as translational repressors [258]. They were
initially shown to mediate Xenopus laevis oocyte maturation [259] and are now known to
regulate embryogenesis in several organisms [260–262]. CPEB homologues in rodents,
Aplysia and Drosophila are implicated in synaptic plasticity [263] and have been suggested
to mediate long-term memory formation by forming prion-like structures [264, 265].
CPEB3 ribozyme cleavage yields the typical products of the self-cleavage reactions of small
ribozymes (Figure 3.7a), which are a 2’-3’ cyclic phosphate on one strand and a 5’-OH on
the other strand [92]. Expressed sequence tags (EST) of CPEB3 have been detected in
tissues of mouse, human and opossum. These ESTs contain the ribozyme sequence and
terminate exactly at its cleavage site, and thereby provide evidence for the CPEB3 ribozyme
being expressed and active in vivo [92, 266].
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bozymes, which sustain activity in high concentrations of only monovalent metal ions [90].
Furthermore, the cleavage rate is near-constant between a pH of 5.5 and 8.5 but is de-
creased by 20 % in D2O [92], which argues for a catalytic mechanism that involves proton
transfer in the rate-limiting step. Likewise, pH dependency and kinetic isotope eect have
been precedented in the HDV ribozyme, whose catalytic mechanism has been thoroughly
investigated [269].
In the HDV ribozyme, which cleaves o the sequence upstream of its rst nucleotide (G1),
the pKa of C75 (red in Figure 5.1a) is perturbed by more than 2 units towards a neutral
pH [270], suggesting that C75 is able to transfer protons in a physiological environment
similar to histidine in proteins. C75 is thus referred to as the catalytically active nucleotide.
Furthermore, C75 is in close contact with the 5’-O(H) of G1 in the crystal structure [38,
271], and in a suitable position to act as a general acid in the ribozyme cleavage reaction
[272–274]. As such, it stabilizes the negative charge formed on the leaving group, that is
the 5’-O(H) of G1. Nevertheless, the strong dependence of the catalytic rate of the HDV
ribozyme on Mg2+ concentration implies that divalent cations play a role in the catalytic
mechanism [270, 275]. More specically, ecient catalysis requires inner-sphere contacts
between Mg2+ ions and the active site as shown by competition experiments between
[Co(NH3)6]3+ and Mg2+ monitored by Raman spectroscopy [276]. A Mg2+ ion in the active
site might aid catalysis by positioning the 2’-OH of the nucleotide preceding G1 for in-
line attack on the phosphodiester bond [271]. In summary, the HDV ribozyme combines
nucleobase- and metal ion-assisted catalysis and it is assumed that the CPEB3 ribozyme
does the same [92].
The mechanistic similarities between both ribozymes are supported by the fact that the
CPEB3 sequence can be threaded in the characteristic secondary structure of the HDV
ribozyme [92] despite the lack of sequence conservation between HDV and CPEB3 (Figure
5.1a and b). This putative secondary structure (Figure 5.1b) is supported by enzymatic
structure mapping and native gel analysis [268]. It comprises two helices (P1 and P2), the
single base pair P1.1, the internal P3 hairpin with the L3 loop, the P4 hairpin with the L4
loop and the single-stranded linker regions J1/2 and J4/2 [38, 107, 277]. In the precleavage
HDV ribozyme, a reverse G·U wobble pair is observed between G25 and U20 [38, 271],
which is assumed to be stable throughout the catalytic cycle [278,279], and which was later
suggested to be generally relevant for the cleavage reaction of the HDV-like ribozymes
[280]. An analogous interaction could exist in the CPEB3 structure (Figure 5.1c).
This kind of secondary structure is referred to as a ’nested double pseudoknot’. The term
can be understood in the following way: there is an outer/large pseudoknot formed by P1
and P2 and an inner/small pseudoknot formed by L3 and P1.1, which is embedded in the
outer one, because P3 and L3 belong to the P1 loop.
Structural similarity of the CPEB3 and HDV ribozyme is supported by mutational studies
of key positions in the CPEB3 ribozyme core. C57 of CPEB3 in the linker between P4 and
P2 is in a position analogous to the one of C75 in the HDV ribozyme and was shown to be
critical for ribozyme activity [92]. Moreover, the positions of phosphorothioate substitu-
tions leading to decreased self-cleavage activity (Section 3.7.4, marked blue in Figure 5.1b)
are the same in the HDV [281] and the CPEB3 ribozyme [92]. These ndings suggest that
a similar network of interactions dene the active sites in both ribozymes.
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In summary, there is strong evidence for the HDV and CPEB3 ribozymes having highly
similar secondary structures (Figure 5.1a and b) and catalytic mechanisms, which suggests
a relatedness of the two ribozymes.
5.1.3 Evolutionary implications of HDV and CPEB3 resemblance
Before the discovery of the CPEB3 ribozyme, the two copies of the HDV ribozyme were
the only members of their class. The fact that hepatitis delta virus is a pathogen exclusively
infecting humans and that no similar satellites of other animals are known, prompts the
hypothesis that the ribozyme has been transmitted from virus to human or vice versa. The
fact that no HDV-like ribozyme could be detected in non-mammalian animals speaks for a
relatively late emergence of the motif and thus for the transfer from human to virus [282].
In a similar manner, the ribozyme may have been passed down to the human gut bacterium
Faecalibacterium prausnitzii, which is the only bacterium, in which an HDV-like ribozyme
has been found to date [282]. Due to its complexity [283, 284], it seems unlikely that the
structural motif of the HDV has arisen independently in diverse organisms. Meanwhile,
sophisticated search algorithms have identied a variety of putative ribozymes belonging
to the HDV-family in dierent genomes. These sequences are very diverse and adopt
secondary structures that vary in the length and structure of L1/2 and P4 but retain the
core fold of the HDV ribozyme [108, 282].
5.1.4 Aim
The combined nucleobase- and metal-ion assisted catalytic mechanism of the HDV and
CPEB3 ribozymes as well as the complexity of their nested double-pseudoknot fold make
them unique among the small self-cleaving ribozymes and a promising model to study the
relationship between the structure and metal ion interactions. In this work, we aimed to
prove the formation of the proposed secondary structure of the CPEB3 ribozyme in solu-
tion and thus its similarity with the HDV structure. A full NMR structure determination of
the CPEB3 ribozyme was impeded by pronounced spectral overlap (Section 5.4), but by ob-
taining the rst partial assignment of the proton and nitrogen resonances, we demonstrate
the formation of the P4 domain and the outer/large pseudoknot by NMR. We also deter-
mined the solution structure of P4. A detailed analysis of the ribozyme’s metal ion binding
properties, using NMR, Tb3+-induced cleavage experiments and two dierent approaches
for determining stoichiometry, was performed. By discriminating distinct binding sites
for Mg2+ and [Co(NH3)6]3+ in the CPEB3 ribozyme and by combining our ndings with
the knowledge about the structure and metal ion binding sites of the HDV ribozyme, we
discuss in how far Mg2+ is required to form the nested double-pseudoknot topology and
key interactions within the active site of the ribozyme.
5.2 The choice of the NMR construct
Proton resonance assignment of an RNA as large as 67 nt is a challenging task as spectral
overlap and line widths increase with the number of nucleotides (Section 3.7.1). More-
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over, the particular sequence and fold and the intramolecular dynamics of an RNA also
aect the spectral dispersion and resolution. For example, the chemical shift dispersion of
very repetitive sequences is often low, as many protons have very similar chemical envi-
ronments. Dynamics in an RNA molecule can result in multiple resonances belonging to
the same proton in dierent molecular conformations or in broad lines depending on the
timescale of exchange.
In search of a suitable NMR construct of CPEB3, we rst compared the wild type chimp
and human CPEB3 sequences. These dier in only one nucleotide (compare Figures 5.1b
and 5.3), which determines whether the P1 helix ends with a mismatch or a Watson-Crick
base pair. Both constructs yielded similar substance amounts in in vitro transcription re-
actions and displayed similar and very low overall dispersion of peaks in [1H,1H]-NOESY
spectra of the nonexchangeable protons (see spectrum in Appendix 7.3) By generating a
mutant with an additional canonical base pair in P1.1 and a shortened P4 domain (Ap-
pendix 7.5b), we intended to create a more compact and more rigid version of the CPEB3
ribozyme. Another mutant with a GC-to-AU mutation in the P1 domain (Appendix 7.5c)
was produced to avoid possible destabilization of the ribozyme by alternative base pairing
in P1. Such might occur due to the long stretch of guanines and has been proposed to take
place in the precleavage ribozyme [268]. However, the overlap problem persisted also in
the [1H,1H]-NOESY spectra of these two mutants.
To investigate structural heterogeneity in the ribozyme as a possible source of badly re-
solved NMR spectra, the wild type human ribozyme was analyzed using native PAGE.
The gels (Appendix 7.4) do not reveal any appreciable amount of extra conformations or
multimers, neither in the absence or presence of Mg2+.
Ultimately, the chimp sequence was used for all NMR studies requiring resonance assign-
ments as the construct was expected to be slightly more stable than the human sequence
due to the canonical base pairing throughout the P1 helix. For DOSY NMR experiments
and for Tb3+-cleavage studies, as well the human sequence of the ribozyme was used.
5.3 Self-cleavage activity
To assess whether the sequences used for NMR and Tb3+-induced cleavage studies were
catalytically competent or not, cotranscriptional cleavage studies were conducted. A DNA
template strand was used for in vitro transcriptions that encodes the ribozyme sequence
plus 18 nt on the 5’-end (Appendix 7.5d). After being transcribed, the ribozyme directly
cleaves o the 18mer and the fragments can be separated by denaturing PAGE and detected
by UV-light absorption.
The gels (Figure 5.2) clearly show an intense band (67mer) at the level of the postcleavage
ribozyme control (C) and a band of a much shorter oligonucleotide, probably the cleaved
18mer upstream sequence near the bromophenol blue (BB) dye. Both bands become in-
creasingly intense at longer incubation times, as expected. The faint band above the short
cleavage product likely corresponds to the 24mer TS of the DNA template. The bands
above the postcleavage ribozyme are more dicult to attribute. The longest band, in prin-
ciple, must be the 107mer OT of the DNA template. However there are two bands very
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Figure 5.5: Sequential walk through the H1’-H8/6 protons of P4 in [1H,1H]-NOESY
spectra of (a) natural abundance P4 and (b) partially deuterated CPEB3. Intranucleotide
cross peaks are labeled with the nucleotide number in black for nucleotides of the natu-
ral P4 sequence and in grey for the 2 additional nucleotides on each terminus (see Section
5.4). (c) Superposition of the spectra shown in (a) (dark grey) and (b) (light grey). The
spectra were recorded at 25 °C in D2O (100 mM KCl, 10 µM EDTA, pD 6.8).
correlations (83 total, 58 interresidue) are obtained between protons of the tetraloop, sug-
gesting a well-dened structure. [1H,1H]-NOESY spectra of the exchangeable protons (Fig-
ure 5.9) conrm the formation of all nine base pairs in the P4 stem and contain cross peaks
between U10H3 and C9H41/H42 and between G14H1 and H3, H5, H6 and H1’ of U10.
This means that U10 is pointing into the loop and probably stacking onto C9, which is
supported by the observation of a cross peak between C9H6 and U10H6.
In the [1H,1H]-TOCSY spectrum (Figure 5.6), G11 and U13 H1’-H2’ and H2’-H3’ cross peaks
are very intense revealing a C2’-endo sugar pucker conformation. For U10 and G12, it is
evident from the TOCSY spectrum that the sugar pucker is neither C3’-endo nor C2’-endo
(compare Section 4.3.1) but an intermediate conformation.
By superimposing the [1H,1H]-NOESY spectra of P4 and of the full-length CPEB3 ri-
bozyme, it was possible to trace the sequential walk of the P4 nucleotides in the latter
(Figure 5.5b and c). The proton chemical shifts of the P4 model construct and of the P4
domain in the ribozyme match well. This even applies to the protons of C3 and G20, which
should have rather dierent environments in the articially elongated P4 stem and at the
junction to P1.1 and J2/4 in the entire ribozyme. This could be explained by stacking in-
teractions between P1.1 and P4 that maintain a helical environment on both sides of the
C3-G20 base pair. In general, the similarity of the P4 proton chemical shifts in the model
hairpin and in the ribozyme are a good indication that the hairpin is formed with the same
secondary and maybe even 3D structure in the model construct and within the CPEB3
sequence.
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imino proton resonances of P4 are remarkably similar in the model construct and the full-
length CPEB3, strongly facilitating the attribution. The fact that all expected correlations
for P1, P2 and P4 are observed clearly demonstrates that the three longer helices and the
thus the outer P1-P2 pseudoknot are formed in agreement with the proposed secondary
structure.
There are two unassigned cross peaks (boxes in Figure 5.7b). One of them connects U62H3
or another resonance overlapped with U62H3 to a previously unassigned resonance, which
belongs to a guanine(Gb)1 in a G-C base pair in the JNN HNN-COSY (Appendix 7.10). In
the proposed secondary structure, only G17 would be a reasonable option for Gb, but then
U61H3 should also display a cross peak to this proton, which is not the case.
Also, (GaH1) at 13.42 ppm is in a G-C base pair according to the JNN HNN-COSY. It seems
to have a cross peak with either G56 or another unassigned resonance (Y) that overlaps
with G56 in the proton dimension and could not be attributed to a uracil or guanine as
there is no resolved peak in the TROSY spectrum. Among all unassigned Gs in G-C base
pairs, G56 would only be close enough to G37 in P1.1, but it is unlikely that they would be
correlated by such a strong cross peak, given that they are not direct neighbors and not
part of the same helix.
In short, the extra cross peaks are not conclusive and only indicate that there are additional
base pairs, namely, two more G-C pairs and possible a third one (Gd/e-C) with a very weak
CN3-GH1 peak (Appendix 7.10).
Three more G-C base pairs would be expected for the P3 helix as well as a fourth one in
P1.1, given that the proposed secondary structure is formed (Figure 5.3). The presence of
extra G-C base pairs suggests that P3 is formed, but as informative correlations between
the extra H1 resonances or to resonances of P2 are not available, it is not possible to proof
this.
The [1H,15N]-TROSY spectrum (Figure 5.7a) is in very good agreement with the imino
proton NOESY and the JNN HNN-COSY, with the exception of the most downeld shifted
uracil U61 at 14.75 ppm and Gb and Gd/e, whose NH peaks are missing or negligible. This
is probably due to these residues being in non-rigid environments, such as the terminal
base pair of P2.
1all resonances, which are not denitively assigned (Ga-Gg and Ua-Ue), are numbered by their proton
chemical shift in the presence of 5 mM Mg2+ from low to high eld (Figure 5.13).
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5.5 The solution structure of the P4 domain - a hairpin with a novel
tetraloop structure
The P4 hairpin domain is the only domain of CPEB3 that is sequentially secluded; that
means it is not involved in pseudoknot formation. In the crystal structures of the HDV
ribozyme P4 protrudes from the otherwise compact pseudoknot core [38,271,292]. Short-
ening or deletion of P4 in the HDV ribozyme decreases but does not abolish catalytic
activity [293], which probably applies to all HDV-like ribozymes [280,282]. In conclusion,
P4 and the catalytic core of the CPEB3 ribozyme are likely to adopt independent folds. We
thus decided to undertake structure determination of the P4 model construct (Figure 5.3).
Tetraloops are generally a fascinating target of structural investigation, as they are a fre-
quent feature in RNA structures and despite their small size, remarkably diverse in fold.
The three main classes of tetraloops are UNCG, GNRA, and CUYG, where N represents
any nucleotide, R represents a purine and Y a pyrimidine. Tetraloops mediate interac-
tions between dierent RNA strands or molecules (as in kissing loops [34] and the GAAA-
tetraloop-tetraloop receptor motif [39–42]) but they also serve as recognition sites for pro-
teins [294].
Table 5.1: NMR restraints and and structural statistics for the P4 hairpin structure.
Statistics are given for the 15 lowest energy structures out of 150 calculated. The table
was taken from [26].
NOE-derived distance restraints 449
~ per nucleotide 20.4
~ intranucleotide (j − i = 0) 145
~ internucleotide (k − i = 1) 247
~ long-range (n− i > 1) 57
hydrogen-bond restraints 46
dihedral angle restraints 157
RMSD in Å for all heavy atoms vs. the mean structure
global 1.24±0.48
stem (1-9,14-22) 1.07±0.43
loop (9-14) 0.16±0.06
loop (10-13) 0.15±0.08
The structure of the P4 construct was calculated based on the NOE-derived distance re-
straints, additional distance restraints for hydrogen bonds and dihedral angle restraints
listed in Table 5.1. “The loop region is better dened than the stem with 20.75 NOEs per
residue compared to 19 NOEs per residue in the stem (cross peaks between loop and stem
residues not being counted). The 15 P4 conformers of lowest energy (Figure 5.8a) satisfy
all distance and dihedral angle restraints within 0.2 Å/5°. All 15 structures in the ensem-
ble adopt a stable and compact fold composed of the A-form helical stem and the very
well-dened loop region (Figure 5.8b). The high convergence of the loop region among
the structural ensemble is expressed in the strikingly low root mean square deviation of
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out from the molecular surface (Figure 5.10b). Apart from the above-mentioned stacking
interactions, the loop structure is stabilized by a hydrogen bond between a nonbridging
G12 phosphate oxygen and the 2’-hydroxyl group of U13 (Figure 5.8d). This hydrogen
bond might stabilize the highly unusual backbone trajectory that is not homogeneously
curved, like most tetraloops but is instead indented in the direction of the helix axis (Figure
5.8d).
This tetraloop structure is markedly dierent from that of the main classes of tetraloops
that have been investigated so far. The GNRA, UUCG and CUYG tetraloops all form a non-
Watson-Crick base pair between the rst and last nucleotide of the loop, such as the G·U
wobble in the UUCG tetraloop and the sheared G·A base pair in the GAAA tetraloop. Such
base pair formation can be excluded in the UGGU tetraloop as no NOEs were observed that
indicate hydrogen bonding between U10 and U13 or stacking interactions of U13 and G14.
Consequently, U10 and U13 are very distant, in perpendicular orientation to each other
and on the other side of the sugar-phosphate backbone in the calculated structure. Also,
we did not nd any evidence for hydrogen bonding between amino protons and phosphate
oxygens, which helps to stabilize the structures of several tetraloops such as the AGUU,
GAAA and UUCG tetraloops [295–297].” [26]
5.6 Metal ion binding in the CPEB3 ribozyme
5.6.1 Mg2+ binding sites in the P1 and P2 model constructs
For both P1 and P2, the identication of Mg2+ binding sites is complicated by the strong
metal ion binding site at the GAAA-tetraloop, which has been previously been described
in several other constructs [182, 219, 298, 299]. The interaction of Mg2+ at the tetraloop of
P1 is evident from the large, predominantly negative chemical shift changes throughout
residues A10 to U13 (Appendix 7.11a) in the tetraloop and its closing base pair. Protons in
the residues framing the tetraloop, such as in A8, C9 and U13H6 have large positive ∆δ
values. A very similar pattern of chemical shift changes is observed in P2, although with
higher absolute ∆δ values (see for example G10H2’ and G14H1’).
The remaining proton chemical shifts in P1 change only moderately. Protons of G1 also
display somewhat higher chemical shift changes, which is likely due to Mg2+ binding to
the 5’-triphosphate. The P1 helix therefore seems devoid of any specic Mg2+ binding site.
In addition, a NOESY spectrum of the the P1 model construct in the presence of 1 mM
[Co(NH3)6]3+ (Section 3.7.4) was recorded (Appendix 7.12) to probe P1 for outer-sphere
binding sites. Strong cross peaks of the [Co(NH3)6]3+ protons are observed to G1H8, G2H8,
G3H1, G3H8, G4H1, G4H8, G5H1, G9H8, A8H8C16 and C17H41, and weak cross peaks to
G1H8, G2H1, C6H41, C6H42, G15H1 and C16H42. This conrms the metal ion binding
sites at the tetraloop and at the 5’-end, though it reveals that there is a third binding site
for [Co(NH3)6]3+ at the level of G4/G5, in the middle of the P1 stem.
In the P2 stem, many resonances of protons distant from the tetraloop shift appreciably
upon addition of 3 or 5 mM Mg2+. In general, P2 proton resonances shift more than those
of P1, which might be due to the lower KCl concentration in the P2 sample. The most
pronounced shifts are observed for C4H6, A5H2, G6H8 and C17H6, U18H6 and G19H2’
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(Appendix 7.11a), which reveals a Mg2+ binding site at the three central base pairs of P2.
In fact, there are appreciable chemical shift changes occurring throughout the entire P2
construct. Also, the protons of A2H2’, G3H8 exhibit moderate chemical shift changes and
U15H6 a rather strong one. Presumably, this stems from overlapping eects of the three
Mg2+ binding sites, which are the tetraloop, the central base pairs C4-G19, A5-U18, and
G6-C17 and the 5’-triphosphate, since the construct is quite small.
Analysis of the chemical shift changes of the imino protons (Appendix 7.13) conrms the
presence of three binding sites. The broadening of G1H1 and the pronounced shift of
U21H3 (0.2 ppm) can be attributed to the eect of Mg2+ being bound at the 5’-end. Strong
shifts are also observed for G10H1 (0.12 ppm) in the tetraloop and for U18H3 (0.15 ppm),
which is supposed to be in the center of the stem binding site.
In summary, the data suggest only one Mg2+ binding site throughout the P1 and P2 do-
mains of the CPEB3 ribozyme. This is the central base pairs of P2, at the residues C12-G14
and C63-G65. Additionally, a [Co(NH3)6]3+ binding site is located in the P1 stem.
5.6.2 Specific binding of Mg2+ and [Co(NH3)6]3+ to the loop and stem of P4
Chemical shift perturbation mapping of the P4 hairpin reveals three regions, which are
most aected by the addition of Mg2+. These are: (i) the rst two nucleotides G1 and G2,
(ii) A4 and G5 in the middle of the hairpin stem and (iii) G12 and G14 near the 3’-end of the
tetraloop. “The chemical shift changes upon addition of 5 mM Mg2+ are shown in Figure
5.9a. G1 and G2 H8 and H1’ resonances are broadened to baseline at 5 mM Mg2+. Strong
binding of Mg2+ at the 5’-terminal triphosphate with its high negative charge is expected
and has been observed in a variety of other studies [185, 300, 301].
More interesting is the binding of Mg2+ to nucleotides A4 and G5, as indicated by the
strong chemical shift changes observed upon Mg2+ addition (Figure 5.9a) and conrmed
by the accumulation of negative charge in the major groove at the N7 and the nonbridging
phosphate oxygens of A4 and G5 as well as G5O6 (Figure 5.10a). Mg2+ binding to this
part of the stem also causes the strong chemical shift change of U19H6, as U19 forms
a base pair with A4. This, however, seems to be an indirect eect of Mg2+ binding to
G5 and A4 because neither U19 nor neighboring nucleotides form a cluster of negative
charge. Also, the third Mg2+ binding site at U13 and G14 shows a high negative surface
potential (Figure 5.10b). On addition of Mg2+, resonances from nucleotides G12 and G14
are shifted signicantly as are those from G11, U13 and A15, but to a lesser extent (Figure
5.9a). Accordingly, G11 and A15 marginally contribute to the negative charge cluster that
likely attracts the metal ion, but as they are in the proximity of the G12/G14 binding site,
they might be exposed to a dierent chemical environment in the absence and presence
of Mg2+.
To better pinpoint the metal ion binding site, we performed [1H,1H]-NOESY experiments
with the P4 hairpin in the presence of 1.5 mM [Co(NH3)6]3+. This stable, exchange-inert
complex mimics the fully hydrated (hexaaqua) Mg2+ ion and is a commonly used mimic for
outer-sphere coordination of Mg2+ [183, 302]. All protons of the ammine ligands resonate
at one common frequency and NOE cross peaks can be detected between this resonance
and dierent resonances of RNA protons in the [Co(NH3)6]3+ binding site (Figure 5.9b).
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Figure 5.9: Locating Mg2+ binding sites in P4. (a) Chemical shift changes ∆δ upon
addition of 5 mM Mg2+ compared to δ in the absence of Mg2+. Only residues with a ∆δ of
larger than 0.02 ppm are shown. Unless otherwise labeled, light grey bars represent ∆δ
of H6/H8 protons and dark grey bars ∆δ of H1’ protons. (b) [1H,1H]-NOESY spectrum
of the exchangeable protons of P4 in the presence of 1.5 mM [Co(NH3)6]3+ recorded in
H2O at 5 °C (50 mM KCl, 10 µM EDTA, pD 6.8). The gure was adapted from [26].
The [Co(NH3)6]3+ titrations perfectly support the results from the Mg2+ titration described
above for the two binding sites in the helical stem. Addition of [Co(NH3)6]3+ leads to a
broadening (G1H1), a change in chemical shift (G1H1’, C22H1’) as well as to cross peaks
to RNA protons (G2H1 (Figure 5.9 b), G1H8, G2H8, C21H5 and G20H1’ (data not shown)).
Aside from Mg2+ binding to the 5’-triphosphate, specic outer-sphere coordination of
Mg2+/ [Co(NH3)6]3+ also occurs within the stem. Distinct cross peaks between the pro-
tons of [Co(NH3)6]3+ and G5H1, U17H3, and U19H3, all located in the stem helix on both
strands, are detected (Figure 5.9b). The [1H,1H]-NOESY spectrum of the nonexchangeable
proton region further conrms the existence of a specic Mg2+ binding site in the proxim-
ity of G5, corroborated by correlations with G5H8, A4H8 and C18H41 (in a base pair with
G5) (data not shown).
The combined titration experiments described above support a specic outer-sphere co-
ordination of Mg2+ in the central region of the P4 stem, which is known to occur in RNA
A-form helices [83, 219]. In contrast, [Co(NH3)6]3+ aects neither any exchangeable nor
any nonexchangeable resonances of the UGGU tetraloop and the closing base pair. Conse-
quently, Mg2+ binds most likely in a partly inner-sphere manner to the loop region, which
cannot be mimicked by [Co(NH3)6]3+. The sharp turn in the sugar-phosphate backbone
at U13 causes all suitable ligands for Mg2+, which are the phosphates of G12, U13 and
G14, as well as G14N7 or G14O6, to be situated close to each other, too close, in fact, to
accommodate the large [Co(NH3)6]3+ complex.” [26]
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The most intense cross peak appearing in response to the addition of Mg2+ or [Co(NH3)6]3+
in the NOESY spectrum, is between a GH1 and a UH3 (Uc-Gg in Figure 5.12). Both reso-
nances have correlations to GdH1 and UcH3 also has an NOE to the [Co(NH3)6]3+ protons.
The Uc-Gg cross peak is in a position typical for a G·U wobble pair and thus might indi-
cate a new G25·U20 wobble formed below the P3 helix (with Gd being G19). Such a base
pair that has been suggested based on observations in the crystal structure of the inhibited
HDV ribozyme (Section 5.1.2).
In another newly appearing cross peak, X-Gf, X is either a uracil (Ub) or a guanine over-
lapped with G41, according to the TROSY correlations (Figure 5.13. Both X and Gf are
correlated to another unpaired guanine Gc It is not clear which nucleotides could give rise
to this cross peak, as the sequence does not contain unpaired guanines close to each other
(see insert in Figure 5.12).
Furthermore, two cross peaks emerge, which correlate Ge with what seems to be U53 and
U55 in P4. The P4 stem appears to be stably base paired according to all other imino proton
correlations. Therefore, U53H3 and U55H3 should correlate solely to G41H1. If G41H1 was
subject to conformational exchange and thus appearing as two resonances, this dynamic
should also aect other P4 protons, which does not seem to be the case. As a consequence,
these two cross peaks probably do not actually involve U53 and U55. Given that U55 is
overlapped in the proton dimension with the newly appearing Ua, it is also possible that
this is one more new correlation between a C-paired G and a uracil, which might t to
P1.1. In that case, Ua would be either U38 or U21 and Ge would be G37. Possibly, another
uracil (U21/38) overlaps with U53 in both the proton and nitrogen dimension, explaining
the second cross peak of Ge.
In conclusion, the eect of Mg2+ on the NH and NOE correlations of the imino protons
demonstrates metal ion binding at G1·U36 and, more importantly, proves that Mg2+ bind-
ing has more impact on the CPEB3 structure than simply binding to isolated sites in P2, L4
and J4/2.Extra base pairs are formed, constituting further Mg2+ binding sites in the inner
pseudoknot of the ribozyme. Several observations make a strong case for the secondary
structure shown in Figure 5.1c being formed on addition of Mg2+: (i) the NOE correlations
and hence the secondary structure in P1, P2 and P4 remain unaected upon addition of
Mg2+, (ii) four additional unassigned G-C base pairs (as expected in P3 and P1.1), but no
additional U-A base pairs are observed (iii) NH correlations for additional Gs and Us not
in Watson-Crick base pairs and several new NOE correlations between the extra Gs and
Us appear, indicating a general gain of order in the ribozyme core.
However, conclusive NOE correlations between the extra G-C base pairs and the extra
GH1-GH1 and GH1-UH3 cross peaks cannot be observed, so the attributions proposed
above and thus the formation of the proposed secondary structure remain unproven. In
addition, the observation of at least one surplus GN1H1 and UN3H3 correlation suggests
dynamics in the ribozyme structure giving rise to more than one resonance for one G and
one U residue. It should be noted in this context, that some of the newly appearing NOE
correlations might actually be exchange peaks, which makes a correct attribution even
more complicated.
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5.6.4 Tb3+-induced cleavage studies reveal metal ions in the P3-P1.1 pseudoknot.
Tb3+-induced RNA cleavage experiments represent a very dierent experimental approach
to identify Mg2+ binding sites. They were performed to complement the interpretation of
the NMR titration data on Mg2+ binding. In the case of the CPEB3 ribozyme, they are of
special relevance for obtaining data on metal ion binding sites in the inner pseudoknot
(P1.1, P3, L3), which is lacking a reliable resonance assignment or contains resonances too
strongly overlapped for tracing metal-induced chemical shift changes.
Lanthanide ions are assumed to occupy the same binding sites as Mg2+ in RNA molecules
but bind with an anity that is at least three orders of magnitude higher [303,304]. Mainly
Tb3+ and Eu3+ ions have been used to detect metal ion binding sites in proteins and nucleic
acids and are often employed as a mimic for Ca2+ or Mg2+ ions [172, 305, 306]. Based on
these experiments, the use of Tb3+ for RNA structure mapping was established [171, 307].
When Tb3+ is added to a folded ribozyme, it binds to the RNA upon displacement of Mg2+.
The Tb(OH)aq2+ complex abstracts a proton from the 2’-OH of the nearest nucleotide,
thereby promoting backbone cleavage by nucleophilic attack. The resulting fragments of
the ribozyme can then be used to identify the binding sites. The number of detected cleav-
age sites strongly depends on the amount of Tb3+ added. At lower micromolar concen-
trations, as used in our studies, only high-anity binding sites are subjected to cleavage,
while at millimolar Tb3+ concentrations, all single-stranded regions are cleaved. In this
work, a 5’-32P-labeled human CPEB3 RNA was used for cleavage studies. The fragments
generated by incubation of the folded ribozyme with micromolar concentrations of TbCl3
were separated by PAGE and and visualized by phosphorimaging.
Analysis of the gel (Figure 5.14) clearly indicates three main regions of Tb3+-induced cleav-
age: the P2 helix near C12, the tetraloop of the P4 helix and several positions throughout
the core of the ribozyme encompassing P1.1, P3, L3 and the upper part of P4. The most in-
tense cleavage bands are those of the junction of P4 to J4/2 (G56, C57) and of P1.1/L3 (C22,
A23). The detected cleavage sites in P2 and P4 are far from each other and from the core of
the ribozyme in the secondary structure. As a consequence, they probably represent two
distinct, isolated binding sites. In the ribozyme core, cleavage occurs at many nucleotides,
which would be suspected to be rather close in the folded ribozyme. Most probably, some
of these nucleotides bind the same Tb3+ ion. Therefore, the exact number of binding sites
can not be deduced from these data.
The fact that the active site cytosine C57 in the postcleavage ribozyme is aected by Tb3+-
induced cleavage shows that Mg2+ binds to the active site also in the absence of the -1
nucleotide. The results obtained by Tb3+-induced cleavage are in good agreement with the
Mg2+ binding sites that were localized by NMR spectroscopy (Sections 5.6.1, 5.6.2, 5.6.3)
but do not conrm the [Co(NH3)6]3+ binding sites. Both Mg2+ and Tb3+ bind at C12 (C4 of
P2) and in L4, while neither of the two seem to have a high anity for the middle base pairs
of P1 or the P4 stem, where [Co(NH3)6]3+ binds. Thus, the geometry, which favors outer-
sphere interactions in these sites does not allow the Tb3+-induced self-cleavage reaction
of the RNA [308].
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5.6.6 Mg2+ induces a compaction of the CPEB3 ribozyme.
To investigate the eect of K+ and Mg2+ concentration on the dimensions of CPEB3, a
sample of human CPEB3 was titrated with increasing amounts of K+. At 100 mM K+,
additional Mg2+ was titrated to the sample. After each addition of K+ or Mg2+, a DOSY
spectrum was acquired, from which the hydrodynamic radius rH was calculated (Table
5.3). This experiment is used to indirectly assess the amount of secondary and tertiary
interactions formed from the rH of the ribozyme, and therefore reports on the conditions
required to achieve a compact fold.
Clearly the ribozyme is not properly folded in the absence of signicant amounts of coun-
terions and the very large hydrodynamic radius of 3.91 nm is probably an averaged value
of dierent extended states. 10 mM K+ are not sucient to compact the ribozyme fully,
which is not surprising given the rather intricate pseudoknot topology of CPEB3. A strong
compaction is already achieved in the presence of 100 mM K+ alone, but even low concen-
trations of Mg2+ further reduce rH. At 2 mM Mg2+ and higher, the changes in rH become
smaller and between 10 and 20 mM Mg2+ concentration, there is no dierence anymore
within the error limit. We repeated the titration on the chimp variant of the CPEB3 ri-
bozyme, thereby conrming the trend observed, but obtaining slightly smaller rHs (Ap-
pendix 7.14).
In another experiment, the NMR sample was treated and spectra were acquired in exactly
the same way but the sample was re-annealed after the addition of dierent amounts of
Mg2+. This did not aect the change in rH, indicating all interaction sites between the
ribozyme and Mg2+ that mediate the compaction are accessible without prior disruption
of the secondary structure.
Table 5.3: Hydrodynamic radius rH of the human CPEB3 ribozyme in the presence of
dierent concentrations of K+ and Mg2+ as determined through DOSY (D2O, pD 6.8,
25 °C). All values are averages of three integrated regions with one standard deviation.
c(K+) in mM c(Mg2+) in mM rH ± 1σ in nm
0 0 3.91±0.03
10 0 3.38±0.03
100 0 2.83±0.01
100 2 2.56±0.02
100 5 2.53±0.02
100 10 2.45±0.02
100 20 2.44±0.02
To understand which of the measured radii realistically reects the dimension of CPEB3
according to the secondary structure, we estimated the theoretical rH of the CPEB3 ri-
bozyme. A straightforward calculation of the theoretical rH is not possible in this case,
as the maximum length or width of the CPEB3 structure are not known and cannot be
estimated as simply as for a duplex or a hairpin [310]. To obtain an estimate, we made the
assumptions that the ribozyme has a length a, corresponding to at least 19 base pairs (the
sum of the number of base pairs in P2, P3, P4 and P1.1, Figure 5.3), and perpendicular to a
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a width b of about twice the diameter of an RNA helix. With 0.26 nm being the distance
between two base pairs and 2.4 nm being the diameter in a standard A-form RNA helix
this results in a = 18·0.26 nm = 4.68 nm and b = 2·2.4 nm = 4.8 nm. As the ratio between b
and a is lesser than 2, a spherical model can be applied [311,312] to the ribozyme structure,
in which rH is dened as half of the longer distance in the structure. Consequently, the
results suggest that 2.34 nm ≤ rH(CPEB3) ≤ 2.4 nm.
Compared to this approximated rH, the experimentally determined hydrodynamic radii
appear reasonable and the values obtained in the presence of K+ and Mg2+ seem more
realistic than those obtained in K+ alone. It can thus be concluded that divalent metal
ions are required to achieve the native fold of the CPEB3 ribozyme. Recent studies on the
inuence of molecular crowding agents on the size and activity of human CPEB3 have
shown that the dimension of the ribozyme in 10 mM Mg2+ is equivalent to the size in the
presence of 0.5 mM Mg2+ and molecular crowding agents [313]. This indicates that the rH
we determined in 10-20 mM Mg2+ might actually reect the physiological one.
5.7 Discussion
5.7.1 The postcleavage CPEB3 ribozyme has a robust global fold
The results clearly show that the outer P1-P2 pseudoknot and P4 of the CPEB3 ribozyme
are formed in monovalent metal ions alone and obey the secondary structure predicted
by Salehi-Ashtiani et al. [92]. These three domains constitute the largest part of the ri-
bozyme sequence and are xed in their orientation due to the pseudoknot topology and
the relatively short linkers. As a consequence, the global shape and dimensions of the
CPEB3 ribozyme are largely determined in 100 mM KCl, which is in agreement with the
hydrodynamic radius obtained. The folding of the outer pseudoknot and P4 is robust in the
postcleavage ribozyme, as neither the 2D-NMR spectra, the DOSY data, nor the native gels
indicate any signicant populations of unfolded or mispaired sequences or refolding over
time. The formation of stable mispaired intermediates, as previously reported for the HDV
ribozyme [314, 315], does not seem to take place in the postcleavage CPEB3 ribozyme.
Whether or not the inner pseudoknot is fully base paired in the absence of Mg2+, remains
open. Possible structures in monovalent ions complying with our data would consist of
either P1, P2 and P4, with an incomplete P3; or of P1, P2, P4 with single base pairs being
formed in both P3 and P1.1; or of all ve helices being formed but mobile relative to each
other and more distant than in the native state. Also, formation of P1, P2 and P4 with a
mispaired P3-L3 region cannot be ruled out.
5.7.2 Mg2+ binding sites in CPEB3
Mg2+ promotes additional interactions in the ribozyme core. The pronounced im-
pact of Mg2+ on the CPEB3 ribozyme is undeniable. The addition of millimolar concentra-
tions makes the ribozyme more compact and leads to additional structure being formed
in the ribozyme core. A compaction along the longitudinal axis could result from coaxial
stacking of P1, P1.1 and P4 and P2 and P3, respectively, as it is observed in the HDV ri-
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bozyme crystal structures [38, 271, 292]. Compaction in the transverse would be achieved
by relieving backbone repulsion between P1/P1.1 and P2/P3, or by stabilizing the inner
pseudoknot. Certainly, Mg2+ in the ionic atmosphere surrounding CPEB3, plays an im-
portant role for the compaction of the ribozyme [56, 250], but a thorough treatment of
this eect is beyond the scope of this thesis. The following discussion focuses on the site-
bound (partly chelated) or diusion-restricted (glassy) Mg2+ ions (Section 3.5.1), which are
observed by NMR and Tb3+-induced cleavage and assesses their structural relevance.
As we have already conrmed that at least the outer pseudoknot is formed in exactly the
same way as in the HDV ribozyme, it is reasonable to compare the structure and metal ion
binding sites of CPEB3 to the corresponding data on the HDV ribozyme.
As mentioned above, the most obvious interpretation of the NMR data recorded in the
presence of Mg2+ is the formation of the secondary structure shown in Figure 5.1b.
In the HDV ribozyme, the G25·U20 wobble is thought to present the catalytically active
Mg2+ ion to G1 and to the active site cytosine, C75 [271] (Figure 5.15a and b (ion number
1)). This ion is suggested to be coordinated via water molecules in the minor groove of the
G25·U20 wobble and via inner-sphere contacts to the pro-Rp phosphate oxygen of G1 and
C75. Consequently, this ion holds the J4/2 linker, the stem of P1 and L3 together.
Mg2+ binding to the analogous nucleotides in the CPEB3 ribozyme (red in Figure 5.15c)
would explain some of the new NOE cross peaks (such as UcH3-GgH1 in Figure 5.12)) and
the strong broadening of C57 and G58 resonances we observe upon Mg2+ addition. This
interpretation is supported by our nding that [Co(NH3)6]3+ binds in the same site, which
is consistent with the data on the HDV ribozyme. [Co(NH3)6]3+ is suggested to be able
to substitute Mg2+ in the active site of the HDV ribozyme [276, 292], thereby inactivating
it [275]. If we are indeed observing the formation of the G25·U20 wobble and the inner
pseudoknot, this raises the question of why conclusive NOE correlations of the P1.1 and
P3 imino protons cannot be detected.
One reason for this is Mg2+-induced line broadening, which aects protons in the Mg2+
binding site. Mg2+ binding might stabilize P1.1 and P3, but at the same time cause the
disappearance of the corresponding NOE cross peaks (as it is the case for G1, G2 and U36
in Figure 5.12), despite a suciently short distance between the protons. This possibility
is supported by the Tb3+-induced cleavage data, which strongly suggest that Mg2+ binds
to both P3 and P1.1.
Another possible reason for expected NOE cross peaks being absent would be dynamics
within the ribozyme core, which is discussed below.
Our data suggest that there is another common Mg2+ binding site of the CPEB3 and the
HDV ribozyme. In the HDV ribozyme crystal structure there is a Mg2+ ion bound in be-
tween the sugar-phosphate backbone of the upper linker adenines and the P1 stem (ion
number 2 in Figure 5.15a). According to the NMR data of the CPEB3 ribozyme, the corre-
sponding sites are both in contact with [Co(NH3)6]3+. Possibly water-mediated coordina-
tion of Mg2+ between J4/2 and P1 (blue site in Figure 5.15c), helps to overcome backbone
repulsion, and thereby promotes a compact structure of the catalytic core region of both
ribozymes.
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the G25·U20 wobble-binding site or the binding sites in P3 and P1.1.
It is surprising, though, that four ions are counted in the presence of 2 M KCl. At 2 M KCl,
all Mg2+ ions, which are not highly chelated and well shielded from the solvent (Section
3.5.2) are supposed to be outcompeted by K+ [317]. It seems impossible that the comparably
small CPEB3 structure could accommodate four such binding sites. For comparison, the
158 nt P4-P6 segment of the Tetrahymena thermophila group I intron, binds only two Mg2+
ions in high monovalent salt concentrations, a number, which was determined by the same
approach as the one used here [317]. In the light of these facts, the number of four ions
bound to the CPEB3 ribozyme seems realistic at 50-100 mM KCl, but is surprisingly high
at 2 M KCl.
Dynamics in the ribozyme core As mentioned above, a possible reason for the ab-
sence of NOE correlations between the P3 and P1.1 imino proton resonances is dynamics
in the inner pseudoknot, which would make NOE contacts within the shorter, less stable
P1.1 and P3 helices and between helices dicult to observe. The appearance of surplus
N1H1 and N3H3 correlations on addition of Mg2+, supports the idea of conformational
exchange taking place. This could also explain, why some correlations appearing at 5 mM
Mg2+, such as X-Gf cannot be reasonably attributed (Section 5.6.3). If conformational ex-
change is slow compared to the dierence in resonance frequency of the proton in the
two conformations of the RNA, exchange cross peaks between the two frequencies can be
detected in a NOESY spectrum, but cannot be discriminated from actual NOE cross peaks
without additional data.
The suggestion of the inner pseudoknot of the CPEB3 ribozyme being exible is buttressed
by the fact that L3 in the HDV ribozyme has a certain degree of disorder in all published
crystal structures (1CX0 [38], 1SJ3 [292] and 3NKB [271]) (as reected by higher B-factors
than in P2 and P4, for example). This is corroborated by MD simulations [278] that have
proven L3 to be exible.
One might speculate that a certain plasticity in the inner pseudoknot is required for ri-
bozyme activity. It has been shown that the CPEB3 ribozyme is active in up to 4 M
urea [92], and that HDV-ribozyme self-cleavage is stimulated by the addition of up to
5 M urea or 10 M formamide [318, 319]. Under these conditions, P1.1 – and possibly P3
– should be denatured, while P1, P2 and P4 structure (Section 5.7.1) should remain base
paired and hold the ribozyme together. In 9.5 M urea or 22.5 M formamide, that is in fully
denaturing conditions, the HDV ribozyme is not active anymore, which underscores the
importance of a stable outer pseudoknot for catalysis.
5.7.3 P4 - a new tetraloop structure and a protein binding site?
“By NMR, we solved the solution structure of a well-dened and conserved fragment of the
human CPEB3 ribozyme, the P4 hairpin and for the rst time characterized the structure of
a UGGU tetraloop in detail. UGGU tetraloops have been found to appear in targets of the
Saccharomyces cerevisiae endonuclease Rnt1p [320]. Rnt1p recognizes many of its targets
by interactions with AGNN tetraloops [321] but also UGNN tetraloops are recognized [295,
320]. The most similar tetraloop sequence, of which a 3D structure is available, and which
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ferent tissues (see Section 5.1.1).] However, up to date there is no biological or biochemical
data on the function of this region that could support this hypothesis.
Apart from the tetraloop itself, also the P4 stem deserves some attention, as it is very close
in space to the active-site cytosine C57 (Figure 5.1b). With regard to this, it is possible that
the metal ion coordination at A4 and G5 might be relevant for the active-site structure.
To further investigate this, we analyzed dierent crystal structures of the HDV ribozyme
that have the same general secondary structure as the P4 region directly preceding the
catalytic cytosine. In the structures of the precleavage HDV ribozyme [271] and of the
C75U mutant [292] there is a major-groove binding site, accessible for both Mg2+ and
[Co(NH3)6]3+ in the upper part of the P4 stem. The respective Mg2+ ion is rather far from
C75, but still close enough to interact with the phosphates of C41 and A42 of the P1.1
region and thus might support the continuous stacking interactions between P1, P1.1 and
P4, which are present in the HDV ribozyme. A similar function of the P4 stem Mg2+-
binding site in the CPEB3 ribozyme seems reasonable to suggest.” [26]
5.7.4 Conclusion
Mg2+ is of crucial importance for the CPEB3 ribozyme to access the intricate double-pseu-
doknot secondary structure underlying its native fold. This is achieved by making the
overall ribozyme more compact and by enabling specic interactions between residues
in the core region of the ribozyme, where catalysis occurs. The data presented here ex-
tend the parallels between CPEB3 and HDV, as they provide evidence for Mg2+ binding to
several corresponding sites in both ribozymes, in particular, to a catalytically important
G·U wobble at the base of P3. As mentioned before, the HDV-like ribozymes are special
among the small self-cleaving ribozymes regarding the complexity of their fold and the
need for divalent metal ions in catalysis. Despite their small size, it appears that the HDV-
like ribozymes resemble more to the large ribozymes, in which the native fold and the
catalytic mechanism are coupled by their requirement for specic interactions with Mg2+.
It seems paradoxical that Mg2+ also appears to give rise to dynamics in the ribozyme. This
underscores the need for further investigations of the interplay of Mg2+ and the nested
double-pseudoknot structure, especially addressing conformational changes during catal-
ysis.
5.8 Accession codes
Structure coordinates and NMR restraint les of P4 have been deposited to the PDB with
the accession code 2M5U. 1H chemical shifts of P4 have been deposited to the BMRB with
the accession code 19081.
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6.1 Material & Instruments
6.1.1 Chemicals
32P-γ-ATP PerkinElmer, Switzerland
AccuGel (29:1 acrylamide:bisacrylamide) National Diagnostics, UK
BIAnormalizing solution for SPR GE Healthcare, UK
D2O Armar Chemicals, Switzerland
DCl Armar Chemicals, Switzerland
DNA templates Microsynth, Switzerland
HQS Fluka/Sigma-Aldrich, Switzerland
LongRanger acrylamide solution Cambrex Bio Sciences, USA
NaOD Armar Chemicals, Switzerland
NTPs, natural abundance GE healthcare/Roth, Switzerland
NTPs, (5, 3’, 4’,5’, 5”)-deuterated Cambridge Isotope Laboratories Ltd., USA
NTPs, uniformly 13C,15N-labeled Silantes GmbH, Germany
Pf1 lamentous bacteriophages ASLA Biotech Ltd., Latvia
T4 polynucleotide kinase Promega, USA
TSAP Promega, USA
Ultima Gold XR scintillation uid Canberra Packard, USA
All other chemicals were purchased at the highest purity grades (puriss p.a. or molecular
biology grade) from Fluka/Sigma-Aldrich, Brunschwig Chemie, Merck AG (Switzerland)
or Acros Organics, (Belgium).
All samples, buers and reactions were prepared in deionized, millipore-ltered water. In
addition, solutions were autoclaved (if possible) and/or sterile ltered before use to prevent
RNA degradation.
6.1.2 Buers
transcription buer 40 mM Tris-HCl (pH 7.5), 40 mM DTT, 2 mM spermidine, stored at
-20 °C
TBE buer for denaturing PAGE and electroelution 90 mM Tris-HCl (pH 8.3), 90 mM
boric acid, 0.2 mM EDTA
urea loading buer for denaturing PAGE, 2x 11.8 M urea, 8.3 % sucrose, 4.2 mM Tris-
HCl (pH 7.5), 0.83 mM EDTA (pH 8), 0.083 % XC, 0.083 % BB, stored at 4 °C
formamide loading buer for denaturing PAGE, 2x 82 % formamide, 10 mM EDTA
(pH 8), 0.16 % XC, 0.16 % BB, stored at 4 °C
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native PAGE buer 66 mM HEPES, 34 mM Tris-HCl, 50 mM KCl (pH 7.2), (5 mM Mg
acetate)
SPR running buer 10 mM MOPS, 107 mM KCl, 0.05 % Polysorbate 20 (pH 6.8)
ME buer 10 mM MOPS, 1 µM EDTA (pH 6.5), stored at 4 °C
crush & soak buer 10 mM MOPS, 1 mM EDTA, 250 mM NaCl (pH 6.5), stored at 4 °C
6.1.3 RNA and DNA constructs
d3’EBS1: 5’-GGAGUAUGUAUUGGCACUGAGCAUACUCC-3’
d3’EBS1-4U-biotin: 5’-GGAGUAUGUAUUGGCACUGAGCAUACUCCUUUU-3’-biotin
d3’EBS1wt: 5’-GGAGUAUGUAUUGGAAAUGAGCAUACUCC-3’
d3’EBS1-4U-biotin: 5’-GGAGUAUGUAUUGGAACUGAGCAUACUCCUUUU-3’-biotin
IBS1: 5’-CAGUGUC-3’
IBS1wt: 5’-CAUUUUC-3’
dIBS1: 5’-CAGTGTC-3’
dIBS1wt: 5’-CATTTTC-3’
CPEB3, human: 5’-GGGGGCCACAGCAGAAGCGUU
CACGUCGCAGCCCCUGUCAGAUUCUGGUGAAUCUGCGAAUUCUGCU-3’
CPEB3, human, elongated: 5’-GGGAUCAAGGGGAUAACA
GGGGGCCACAGCAGAAGCGUUCACGUCGCAGCCCCUGUCAGAUUCU
GGUGAAUCUGCGAAUUCUGCU-3’
CPEB3, chimp: 5’-GGGGGCCACAGCAGAAGCGUU
CACGUCGCGGCCCCUGUCAGAUUCUGGUGAAUCUGCGAAUUCUGCU-3’
CPEB3, chimp, elongated: 5’-GGGAUCAAGGGGAUAACA
GGGGGCCACAGCAGAAGCGUUCACGUCGCGGCCCCUGUCAGAUUCU
GGUGAAUCUGCGAAUUCUGCU-3’
CPEB3, chimp, extra base pair in P1.1, P4 stem shortened:
(39U>A, 42A>C, 43Udel, 44Udel,51Adel,52Adel, 53U>G)
5’-GGGGGCCACAGCAGAAGCGUUCACGUCG
CGGCCCCUGACAGCCUGGUGGCUGCGAAUUCUGCU-3’
CPEB3, chimp, GC-to-AU mutation in P1:(4G>A, 33C>U)
5’-GGGAGCCACAGCAGAAGCGUUCACGUCG
CGGCUCCUGUCAGAUUCUGGUGAAUCUGCGAAUUCUGCU-3’
P1: 5’-GGGGGCCAGAAAUGGCCCCU-3’
P2: 5’-GAGCAGAACGAAAGUUCUGCUC-3’
P4: 5’GGCAGAUUCUGGUGAAUCUGCC-3’
6.1.4 Instruments
NMR spectra were recorded on a Bruker Avance 500 MHz spectrometer with a 5 mm CRYO
QNP probehead with z-gradient coil, a Bruker Avance 600 MHz spectrometer with a 5 mm
CRYO TCI inverse triple-resonance probehead with z-gradient coil or on a Bruker Avance
700 MHz spectrometer with a 5 mm CRYO TXI inverse triple-resonance probehead with
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z-gradient coil (all: Bruker Biospin AG, Switzerland). NMR data were processed using
TopSpin version 3.0 or 3.2 (Bruker Biospin AG, Switzerland).
SPR data were recorded on a Biacore T100 system (GE Healtcare, UK). UV-absorption mea-
surements were performed on Cary 100 UV/Vis and Cary 500 scan UV/Vis-NIR (both:
Varian Inc, USA) and Lambda 25 UV/Vis (PerkinElmer, USA) spectrophotometers and on a
NanoDrop microvolume UV/Vis spectrophotometer (Thermo Fisher Scientic Inc., USA).
Pictures of analytical PAGE gels were taken with a Bio-Vision 3026 WL/LC/26Mx gel imag-
ing system (Vilber Lourmat, France).
Quantication of radiolabeled RNA was done using a Tri-Carb scintillation counter
22000CA Liquid Scintillation (Canberra Packard, USA). Phosphorimaging was performed
on a Typhoon scanner FLA 9000 (GE Healthcare, USA). HQS uorescence was measured
on a Varian Cary Eclipse uorescence spectrometer (Varian Inc, USA). AAS was perfomed
on a Varian SpectraAA 110 spectrometer (Varian Inc, USA).
6.2 NMR sample preparation
RNA samples were produced by in vitro transcription following standard procedures [326].
Reaction mixtures typically contained 4.5-6 mM of each NTP, 0.9-1.2 µM of each strand
of the synthetic, PAGE-puried, double-stranded DNA template [326], 30-50 mM MgCl2,
40 mM Tris-HCl (pH 7.5), 40 mMDTT, 2 mM spermidine and 0.01 % Triton X. T7 Polymerase
for transcription was made in-house; according to the activity of each batch, dierent
amounts were used for transcription reactions. Transcription reactions were typically left
to proceed for 6 h. RNA was precipitated and PAGE-puried on gels containing 7 M urea,
TBE and 15-18 % acrylamide/bisacrylamide (AccuGel) (12 % for CPEB3 samples); bands
were UV-shadowed, excised and subjected to electroelution in a Whatman elutrap system
(Whatman, UK) to recover the RNA from the gel.
The RNA was desalted and concentrated by ultraltration in Vivapsin®devices (Sar-
torius Stedim Biotech GmbH, Germany; 2000 Da MWCO for P1, P2 and P4, 3000 Da
MWCO for d3’EBS1, 5000 Da MWCO for CPEB3) by washing with 5 volumes of 1 M
KCl, pH 8 and 7 volumes of water. dIBS1 was bought HPLC-puried and was de-
salted using illustra™ NAP-10 columns (GE Healthcare, UK). The nucleic acid concentra-
tion was determined by UV-absorption measurements using molecular extinction coe-
cients 260 of (303 mM−1cm−1 (d3’EBS1), 63.9 mM−1cm−1 (dIBS1), 203.4 mM−1cm−1 (P1),
212 mM−1cm−1 (P2), 281.5 mM−1cm−1 (P4), 725 mM−1cm−1 (CPEB3). d3’EBS1·dIBS1
samples were prepared by adding dIBS1 to d3’EBS1 in an excess of 10 % to avoid the pres-
ence of any unbound d3’EBS1. All samples contained 0.2-0.9 mM RNA 10 µM EDTA, 100-
110 mM KCl (CPEB3 and d3’EBS1·dIBS1, P1), 20-50 mM KCl (P2-P4) and were adjusted to
a pH or pD of 6.8, respectively1. RNA samples were annealed by heating them to 85-90 °C
for 1-2 min and then rapidly cooling them on ice. Prior to NMR data acquisition, samples
were dissolved in 100 % D2O or 90 % H2O/10 % D2O.
1The pD is measured by adding 0.4 units to the pH meter reading [327].
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6.3 NMR spectroscopy
For all measurements, 5 mm Shigemi tubes were used. 4,4-dimethyl-4-silapentane-1-
sulfonic acid (DSS) was used as an external, direct reference for 1H resonances and as
an external, indirect reference for 13C and 15N resonances [328]. All samples contained
0.4-0.9 mM of construct being either natural abundance RNA (DNA), partially deuterated
([5, 3’, 4’,5’,5”]-2H) RNA or uniformly 13C,15N-labeled RNA.
Nonexchangeable proton resonances were assigned from [1H,1H]-NOESY spectra, typi-
cally recorded with a mixing time of 250 ms at 25 °C, in 100 % D2O. Water suppression
was achieved using presaturation pulses. To aid the assignment, additional spectra of
the same kind were acquired at 20 or 30 °C or with mixing times of 60 or 120 ms. Fur-
thermore, [1H,1H]-NOESY and [1H,1H]-TOCSY spectra with a [13C,15N]-lter in F1 and
F2 [163] were recorded of d3’EBS1·dIBS1 samples containing natural abundance dIBS1 and
13C,15N-labeled d3’EBS1 and of G,C-[13C,15N]-labeled CPEB3 samples to select for corre-
lations of the natural abundance components.
Exchangeable proton resonances were assigned from [1H,1H]-NOESY spectra with a WA-
TERGATE pulse sequence for water suppression recorded at 5 °C with a mixing time
of 150 ms, in 90 % H2O/10 % D2O. Of d3’EBS1·dIBS1, the same spectra were also
recorded at 20 °C, to facilitate comparison with the nonexchangeable proton resonances.
[1H,1H]-TOCSY spectra with a mixing time of 50 ms were recorded in 100 % D2O at 25 °C
for the assignment of pyrimidine H5-H6 correlations and to assess sugar puckers.
13C resonances of d3’EBS1 were assigned from [1H,13C]-HSQC spectra recorded at
25 °C. 15N resonances of d3’EBS1 were assigned from SOFAST [1H,15N]-HMQC spectra
(d3’EBS1·dIBS1) or [1H,15N]-TROSY spectra (CPEB3) recorded at 5 °C in 90 % H2O/10 %
D2O.
Base pair formation was veried by recording JNN HNN-COSY [161] spectra at 5 °C in
90 % H2O/10 % D2O.
All processing was done in TopSpin 3.0 or TopSpin 3.2. (Bruker Biospin AG, Switzer-
land), all assignments were made in Sparky (http://www.cgl.ucsf.edu/home/
sparky/).
6.3.1 RDC measurements
RDCs for d3’EBS1·dIBS1 were determined from a series of J-modulated [1H,13C]-HSQC
spectra according to [329], which was recorded both in the absence and in the presence
of ca. 17 mg/mL Pf1 bacteriophage. Peak intensities in each spectrum were determined in
the program CCPNmr Analysis [330] and t with the program gnuplot (http://www.
gnuplot.info) to obtain J . The RDC is calculated as ∆J=Jphages−Jw/o phages.
6.3.2 DOSY measurements of the CPEB3 ribozyme
To determine the diusion coecient D and hydrodynamic radius rH of CPEB3, DOSY
experiments with excitation sculpting water suppression were recorded with a diusion
delay ∆ of 400 ms and a gradient duration d of 2 ms at 25 °C in D2O. The gradient strength
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was raised incrementally from 1.7 to 32.4 G/cm in 56 steps. The peak areas at each point
of gradient strength were determined in TopSpin. By plotting ln AA0 against the square
of the gradient strength (Gz) and tting to a straight line, the diusion coecient can be
obtained from
ln
A
A0
= −(γd)2(∆− d
3
)Gz
2 (6.1)
where γ = 2.675222005·10−8 rad−1 T−1 is the proton gyromagnetic ratio. The hydrody-
namic radius is then calculated according to the Stokes-Einstein equation
rH =
kb · T
6 · pi · η ·D (6.2)
where kB = 1.3806488·10−23 J/K is the Boltzmann constant and ηD2O = 1.0998 mPa is the
viscosity of D2O at 25 °C.
6.3.3 Metal ion titrations
Mg2+-induced chemical shift perturbations of d3’EBS1·dIBS1 were obtained by titrating a
sample with increasing amounts of MgCl2 (0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, and 10 mM), record-
ing a [1H,1H]-NOESY spectrum in each step. Following assignment of all spectra, chem-
ical shift changes were analyzed by creating bar plots in gnuplot. [Co(NH3)6]3+-induced
chemical shift perturbations of d3’EBS1·dIBS1 were determined in the same way titrating
a sample with 0, 0.5, 0.75, 1.25 and 2 mM [Co(NH3)6]Cl3. Paramagnetic line broadening of
d3’EBS1·dIBS1 was assessed by titrating a sample with increasing amounts of MnCl2 (0,
20, 40, 60, 80, 100 µM) recording a [1H,1H]-NOESY spectrum in each step. Spectra were
superimposed in Sparky to visually assess line broadening.
Mg2+-induced chemical shift perturbations of the nonexchangeable protons of the P1, P2
and P4 model constructs were determined as described for d3’EBS1·dIBS1, titrating sam-
ples with increasing amounts of MgCl2 (0, 0.5, 1.5, 3 and 5 mM for P1, 0, 1, 2, 3, 5 and
7 mM for P2, 0, 0.5, 1, 1.5, 2, 2.5, 3.5, 5, 8, 12 and 18 mM for P4). Mg2+-induced chemical
shift perturbations of the exchangeable protons of the P2 model construct were obtained
by titrating a sample with increasing amounts of MgCl2 (0, 1, 2, 3, 4, 5, 6.5, 8, 9 mM),
recording a 1D-1H spectrum in each step and analyzing chemical shift perturbations in
TopSpin.
K+- and Mg2+-induced changes of the hydrodynamic radius of CPEB3 were determined
by titrating a sample with increasing amounts of KCl and MgCl2 (0, 10, 100 mM of KCl
plus 2, 5, 10, 20 mM of MgCl2) recording a DOSY experiment in each step. D and rH were
calculated for each concentration as described in the previous section. Prior to data acqui-
sition, the pD was readjusted after having reached 100 mM KCl, and 10 and 20 mM MgCl2,
respectively. In addition, the RNA was re-annealed (Section 6.2) after both additions of
KCl.
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6.4 Structure calculation and analysis
Interproton distances were estimated from [1H,1H]-NOESY spectra (25 °C, 250 ms mixing
time and 5 °C and 20 °C (d3’EBS1), 150 ms mixing time). The peak volumes of the nonex-
changeable protons were integrated using Sparky (http://www.cgl.ucsf.edu/
home/sparky/), excluding strongly overlapped peaks. Calibration of the interproton
distances was done with the program DYANA [331], using xed distances such as the H5-
H6 distances in pyrimidines (2.4 Å) and the H1’-H2’ distances (2.8-3.0 Å). Cross peaks were
assigned to either of the four categories: strong (1.8-3.0 Å), intermediate (1.8-4.5 Å), weak
(3-6 Å) or very weak (4-7 Å).
The intensity of intraresidue H1’-H2’ cross peaks in [1H,1H]-TOCSY spectra was used to
obtain sugar pucker torsional angle restraints (Section 3.7.1). Residues with very intense
H1’-H2’ cross peaks (A10, U11, U12 of d3’EBS1·dIBS1 and G11 and U13 of P4) were conned
to south/C2’-endo conformation (δ= 145, ν1 = 25, ν2 = –35±20°) residues with absent cross
peaks were restrained to north/C3’-endo conformation (δ = 85, ν1 = –25, ν2 = 37 ±20°)
(Figure 3.8b). For residues with intermediate cross peaks (G1, C29 of d3’EBS1·dIBS1 and
G1, U10, G12 and C22 of P4) no sugar pucker restraints were set. For all residues, which
belong to helical regions and have a C3’-endo sugar pucker, the backbone torsion angles
α, β, γ,  and ζ (Figure 3.8a) were set to the average values of an typical A-form helix (α
= –62, β = –180, γ = 48,  = –152, ζ = –74, ±10° for d3’EBS1·dIBS, α = –68, β = 178, γ
= 54,  = –153, ζ = –71, ±20° for P4). The spectral data of the dIBS1 residues, were not
nally conclusive regarding the sugar conformation or backbone geometry (Section 4.3.1).
For this reason, β, γ, , δ, ν1 and ν2 were not restrained. χ angles were set according
to the intensity of the intraresidue H1’-H8/6 cross peaks in [1H,1H]-NOESY spectra with
60 ms mixing time (Figure 3.8a and Section 3.7.1) to either 60±20° (G11 and G12 of P4) or
–160±20° for RNA residues and to –120±40° for DNA (dIBS1) residues. For d3’EBS1·dIBS,
α and ζ angles of all residues not constrained to A-form geometry were set to 0±120° to
exclude the trans range, as no downeld shifted resonances were observed in a 1D-31P
spectrum [157]. The 1D-31P spectrum of P4 contained resonances between 0-1.5 ppm. α
and ζ angles were therefore left unrestrained.
Base pairs, whose formation was validated by the presence of characteristic interstrand
[1H,1H]-NOESY cross peaks (Figure 3.8d), were maintained by applying distance restraints
between donor hydrogen and acceptor atoms and between donor and acceptor atoms and
by enforcing planarity. 200 starting structures were calculated from the extended RNA (and
DNA) chain(s), by rMD with CNS version 1.21 [158, 332]. All restraints except for RDCs
were applied in this step, which contains a high temperature stage of 40 ps at 20000 K,
followed by two cooling stages of 90 ps in torsional space and 30 ps in cartesian space.
The resulting structures of lowest energy (20 structures in the case of d3’EBS1·dIBS1 and
15 in the case of P4) were rened by 88 ps of rMD cooling from 3000 K to 50 K using
the program XplorNIH version 2.3 [159, 160]. In this step, 21 [1H,13C] RDCs were in-
cluded in the structure calculation of d3’EBS1·dIBS1. The PALES program [333] was used
for obtaining an estimation of the axial and rhombic component of the alignment ten-
sor, which were then determined more precisely by an extensive grid search [334] to be
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27.3/0.08. During the renement, the force constant for the RDCs was gradually increased
from 0.01 kcal mol−1Hz−2 to 1 kcal mol−1Hz−2.
Since some of the rened structures of d3’EBS1·dIBS1 from the 19th conformer on con-
tained one or more NOE violations, the 18 conformers of lowest energy, which satised
all given restraints, were subjected to further analysis. Of P4, the 15 lowest energy struc-
tures out of 150 rened were further analyzed. Analysis of the structure ensembles was
mainly done using the program MOLMOL [335], the electrostatic surface potential was de-
termined with the PDB2PQR v1.8 web server [336,337] (http://nbcr-222.ucsd.
edu/pdb2pqr_1.8/) and visualized with APBSTools2 v1.4.1 in the program Pymol.
The sugar puckers and backbone geometry of d3’EBS1·dIBS were evaluated with the help
of the web servers web3DNA [338, 339] and PROSIT (http://cactus.nci.nih.
gov/prosit/).
6.5 Calculation of the d3’EBS1·dIBS1 structure with bound [Co(NH3)6]3+
ions
“In order to localize binding sites for [Co(NH3)6]3+-ions in d3’EBS1·dIBS1, [1H,1H]-NOESY
spectra of d3’EBS1·dIBS1 were recorded in the presence of 1 mM [Co(NH3)6]3+ (for the
non-exchangeable protons, 25 °C) and 1.5 mM [Co(NH3)6]3+ (exchangeable protons, 5 °C).
Cross peaks between RNA or DNA protons and [Co(NH3)6]3+ protons were assigned in
Sparky. All nucleic acid protons displaying such cross peaks to the ammine protons were
clustered according to their position in the solution structure calculated in the absence of
[Co(NH3)6]3+ (Table 6.2). For rMD calculations of the structures with bound [Co(NH3)6]3+,
a loose distance restraint of 3-7 Å between the Co3+ central ion and each nucleic acid proton
displaying an NOE cross peak to the ammine protons was added in the renement. Because
all ammine protons of [Co(NH3)6]3+ resonate at one common frequency and therefore
cannot be distinguished, the distance to the Co3+ central ion was used for the restraints
[182]. In the resulting ensemble, the six out of 10 lowest energy conformers that had no
violations of NOE or dihedral angle restraints were used for further analysis.” [25]
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Table 6.2: Denition of the [Co(NH3)6]3+ binding sites for rMD calculations of
d3’EBS1·dIBS1 with three [Co(NH3)6]3+ ions bound. All protons displaying a cross peak
to hexamminecobalt(III) are sorted into three dierent binding sites combining protons
situated close to each other in the calculated structure without metal ions. The table
was taken from [25]
.
binding site 1 binding site 2 binding site 3
d3’ stem lower loop, dIBS1 5’ end dIBS1 and EBS1, 5’ end
A3 H1’ U11 H1’ G13 H1
A3 H2’ U11 H6 T62 H3
G4 H1 G19 H1’ T62 CH3(71-73)
G4 H8 G19 H8 T64 H3
U5 H3 A20 H2 T64 CH3(71-73)
U5 H6 C59 H1’ C65 H5
A6 H1’ C59 H2” C65 H6
U24 H1’
U24 H6
C26 H1’
U27 H3
6.6 SPR sample preparation and measurements
“d3’EBS1/d3’EBS1wt coupled to biotin via a four-uracil 3’-overhang were purchased PAGE-
puried from IBA GmbH (Göttingen, Germany) and used as ligands. (d3’EBS1/d3’EBS1wt)-
4U-biotin was immobilized on a Series S Sensor Chip SA (GE Healthcare) pre-coated with
Streptavidin on a carboxymethyldextran surface or on a carboxymethyldextran hydrogel
chip (XanTec bioanalytics, Düsseldorf, Germany), coated with neutravidin in our labora-
tory. The surface was pre-treated with 3-5 injections of 1 M NaCl, 50 mM NaOH last-
ing 50 s at a ow of 30 µL/min. Immobilization was carried out by injecting 200 µg/mL
(d3’EBS1/d3’EBS1wt)-4U-biotin for 10 min at a ow of 5 µL/min. All experiments were
performed in 10 mM MOPS, 107 mM KCl (I = 110 mM), 0.05 % Polysorbate 20, pH 6.8. The
dIBS1 and dIBS1wt DNA and IBS1 and IBS1wt RNA 7mers were used as analytes for ki-
netics measurements. dIBS1 and dIBS1wt were acquired and treated as described for NMR
experiments. IBS1 and IBS1wt were purchased double-HPLC puried from IBA GmbH.
Each kinetics run was preceded by ve startup cycles injecting the current running buer.
The system was normalized using BIA normalizing solution (GE Healthcare). The ow
rate was 30 µL/min. In each cycle, the adsorption and desorption was allowed to proceed
for 60 s, each followed by 180 s of stabilization. At the end of each cycle, water was injected
for 60 s to remove any residual analyte and Mg2+ bound to the surface. For all experiments,
buer injections were used for blank subtraction and one or more non-zero concentrations
of the analyte were injected twice before and after the highest concentration to ensure that
the performance of the surface did not signicantly change within one experiment. All an-
alyte samples were injected both into a ow cell where d3’EBS1(wt) was immobilized and
in a ligand-free reference ow cell for control and background subtraction. Measurements
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were repeated on a dierent sensor chip for conrmation. In order to compare the anity
of dIBS1 and IBS1 to d3’EBS1, kinetics experiments were recorded at 25 °C. Mg2+ titrations
of dIBS1 and IBS1 binding to d3’EBS1, and dIBS1wt and IBS1wt binding to d3’EBS1wt were
performed at 15 or 25 °C by adding 0, 1, 2, 5 or 20 mM MgCl2 or 1 mM [Co(NH3)6]Cl3 to
the running buer and to the analyte stock. For each concentration of MgCl2 a separate
experiment was run. In all experiments, 5-7 non-zero concentrations of the analyte were
injected being in the range of 0.25-16 µM for dIBS1, 0.5-45 µM for dIBS1wt, 0.0156-8 µM
for IBS1 and 0.19-45 µM for IBS1wt. In order to obtain kon, ko andKD ata were tted and
analyzed with the corresponding Biacore T100 evaluation software assuming a 1:1 binding
model.” [25]
6.7 Cotranscriptional self-cleavage assays of the CPEB3 ribozyme
In vitro transcription reactions with an elongated DNA template (Appendix 7.5) were per-
formed as described in Section 6.2 in aliquots of 40 µL. For human CPEB3, one aliquot
was removed after 1, 2, 3, 4, 5 and 7 h each and immediately frozen in liquid nitrogen
to stop both transcription and cleavage. Samples were centrifuged briey and a mixture
of 82 % formamide and 10 mM EDTA was added to the supernatant (1:1). The transcrip-
tion/cleavage products were subsequently separated on a 12 % denaturing PAGE gel.
6.8 Tb3+-induced cleavage studies of the CPEB3 ribozyme
6.8.1 Dephosphorylation
To allow 5’-radiolabeling of the RNA, the 5’-triphosphates of RNA produced by in vitro
transcription reactions rst had to be removed. CPEB3 RNA (produced as described in
Section 6.2) was therefore dephosphorylated using thermosensitive shrimp alkaline phos-
phatase (TSAP). For this, 5 µL TSAP (1U/µL) were added to aliquots of 60 pmol CPEB3 in
50 µL and the mixture was incubated at 37 °C for 30 min at 300 rpm. 3 additional µL of
TSAP were added after 15 min of incubation. To remove the TSAP from the dephosphory-
lated RNA, two rounds of standard phenol-chloroform extraction and subsequent ethanol
precipitation were performed. The RNA pellet was then redissolved in ME-buer.
6.8.2 Radiolabeling
480 pmol of dephosphorylated CPEB3 in 31 µL ME-buer were mixed with 4.5 µL T4
polynucleotide kinase and 4.5 µL of the appropriate commercial kinase buer and 5 µL
of ↑ -γ-ATP (6000 Ci/mmol, 150 mCi/mL) to a total volume of 45 µL. The phosphorylation
reaction was left to proceed for 30 min at 37 °C and 300 rpm and then quenched by adding
45 µL of formamide loading buer. Unreacted ↑ -γ-ATP and RNA degradation products
were separated from the radiolabeled CPEB3 by 8 % PAGE. The CPEB3 RNA band was
visualized by phosphorimaging, excised, crushed and mixed with crush & soak buer by
vortexing vigorously. The RNA was eluted into the buer by slight shaking for 90 min at 4
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°C and repeated vortexing. The supernatant was precipitated with ethanol to recover the
RNA. The amount of radiolabeled CPEB was determined by scintillation counting.
6.8.3 Tb3+-induced cleavage reactions
For Tb3+-induced cleavage reactions, 2.4 - 2.5 nM of the radiolabeled CPEB3 RNA were rst
refolded in a mixture of 25 mM MOPS (pH 7), 100 mM KCl. 1 µM of cold CPEB3 RNA was
added to later reduce the extent of nonspecic RNA degradation by Tb3+ and to facilitate
precipitation of the RNA [340]. The RNA was annealed by heating to 90 °C for 90 s and
by adding 5 or 20 mM MgCl2 immediately after transferring to ice. Refolding was left to
proceed for at least 15 min on ice.
Tb3+-induced cleavage was carried out in 22.5 fmol aliquots of the refolded, radiolabeled
CPEB3 RNA. A dierent amount of TbCl3, kept in 5 mM sodium cacodylate (pH 5.5), was
added to each aliquot and the reaction mixtures were incubated either for 30 min at RT
or for 2-4 h at 4 °C. The cleavage reactions were quenched by adding a mixture of 82 %
formamide and 10 mM EDTA to each aliquot at a 1:1 ratio and by subsequent ethanol
precipitation of the cleavage fragments. The CPEB3 RNA fragments were separated by
PAGE in 7 M urea, TBE and 16 % acrylamide/bisacrylamide (LongRanger) and visualized
on a phosphorimager.
On each gel, an alkaline hydrolysis ladder (OH−) and a T1-ribonuclease cleavage ladder
of the CPEB3 RNA were loaded2. The OH− ladder was prepared by incubating the same
amount of radiolabeled CPEB3 RNA as used in the Tb3+-induced cleavage reactions in
50 mM sodium carbonate buer (pH 9) and 1 mM EDTA for 4-5 min at 90 °C and by quench-
ing with formamide loading buer (1:1). In a similar way, the T1 ladder was generated by
incubation of the same amount of CPEB3 RNA with 0.1 U/µL T1 in 25 mM sodium citrate
buer (pH 5), 55-60 % formamide, ca. 7 mM EDTA at 55 °C for 4-5 min. The digestion was
quenched by adding a 7:3 mixture of water/formamide loading buer at a 1:1 ratio.
6.9 Determination of the equivalents of Mg2+ binding to the CPEB3
ribozyme
All samples contained 20 mM MOPS (pH 7) and either 50, 100 or 2000 mM KCl. 24 µM
of the chimp CPEB3 ribozyme (produced as described in Section 6.2) were used for each
experiment.
6.9.1 By HQS fluorescence
Determinations of the equivalents of Mg2+ bound to the CPEB3 ribozyme were performed
as previously described [341, 342]. Two samples containing 0.1 µM of HQS3, one of which
contained the CPEB3 RNA, were titrated with Mg2+ in exactly the same way by adding
2-260 µM MgCl2 in 29-42 steps. In each step, the sample was mixed thoroughly and the
2Alkaline hydrolysis occurs at each nucleotide; T1 cleaves 3’ of each G in an RNA strand.
3The dye HQS served as a Mg2+ chelator and a uorescent reporter at the same time. Mg2+ binds to HQS
at a 1:1 ratio, strongly enhancing emission at 550 nm [342]
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intensity of HQS uorescence at 550 nm was recorded (the excitation wavelength was set
to 400 nm).
By plotting ICPEB3([Mg2+]) − Iblank([Mg2+]) against [Mg
2+]
[CPEB3] , a curve is obtained, which
reaches a plateau when the equivalents of Mg2+ binding to the RNA have been added.
6.9.2 By AAS
In the case of equilibrium dialysis, 100 µL of a CPEB3 sample containing 0.5 mM Mg2+
were dialyzed for 4-10 h against 5 mL of the buer containing no Mg2+. Dialysis was
carried out in Tube-O-DIALYZER micro dialysis devices with an MWCO of 1000 Da (G-
Biosciences, USA). After dialysis, the Mg2+-content in the dialysate was measured by AAS
and the equivalents of Mg2+ bound to one CPEB3 molecule are obtained according to
[Mg2+]
[CPEB3]
=
[Mg2+CPEB3]− [Mg2+dialysate]
[CPEB3]
(6.3)
[309, 343], where [Mg2+CPEB3] is the dierence between the total Mg2+ concentration (0.5
mM) and [Mg2+dialysate].
86
7 Appendices
7.1 NOESY spectrum of d3’EBS1·dIBS1
Sequential-walk region of a [1H,1H]-NOESY spectrum of the nonexchangeable protons of
d3’EBS1·dIBS1. The H1’-H6/8 sequential walk of the d3’EBS1 residues is traced by dashed
lines (4 terminal base pairs), solid lines (native d3’ hairpin sequence) and purple lines (EBS1
sequence). The spectrum was acquired at 25 °C (110 mM KCl, 10 µM EDTA, pD 6.8) in D2O.
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7.6 Chemical shis of the P1 protons
Nonexchangeable proton resonances were recorded at 25 °C in D2O and exchangeable
proton resonances were recorded at 5 °C in H2O (100 mM KCl, 10 µM EDTA, pD/pH 6.8).
Chemical shifts are given in ppm.
P1 CPEB3 H1’ H2’ H6/8 H2/5 H1/3 H41 H42
G1 G1 5.906 4.949 8.174 - 10.841 - -
G2 G2 5.887 4.715 7.578 - 12.816 - -
G3 G3 5.871 4.648 7.291 - 12.688 - -
G4 G4 5.818 4.659 7.22 - 12.736 - -
G5 G5 5.797 4.548 7.255 - 13.291 - -
C6 C6 5.55 4.452 7.656 5.247 - 8.751 7.004
C7 C7 5.487 4.484 7.748 5.569 - 8.535 0.001
A8 - 5.962 4.55 7.933 7.332 - - -
G9 - 5.457 4.329 7.162 - 10.535 - -
A10 - 5.691 4.736 8.329 7.782 - - -
A11 - 5.435 4.394 7.91 7.682 - - -
A12 - 6.033 4.453 8.127 8.2 - - -
U13 - 3.673 4.412 7.886 5.925 - - -
G14 G30 5.851 4.571 7.765 - 12.153 - -
G15 G31 5.69 4.436 7.343 - 13.349 - -
C16 C32 5.523 4.445 7.646 5.228 - 8.719 7.033
C17 C33 5.497 4.401 7.845 5.526 - 8.664 7.007
C18 C34 5.529 4.433 7.751 5.471 - 8.554 7.016
C19 C35 5.524 4.435 7.786 5.669 - 8.456 6.98
U20 U36 5.761 4.037 7.79 5.541 11.906 - -
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7.7 Chemical shis of the P2 protons
Nonexchangeable proton resonances were recorded at 25 °C in D2O and exchangeable
proton resonances were recorded at 5 °C in H2O (20 mM KCl, 10 µM EDTA, pD/pH 6.8).
Chemical shifts are given in ppm.
P2 CPEB3 H1’ H2’ H6/8 H2/5 H1/3 H41 H42
G1 - 5.741 4.922 8.115 - 12.632 - -
A2 A10 6.092 4.796 8.122 7.614 13.435 - -
G3 G11 5.651 4.435 7.245 - - - -
C4 C12 5.461 4.528 7.506 5.2 - 8.343 6.892
A5 A13 5.945 4.708 7.935 6.944 - - -
G6 G14 5.547 4.528 7.104 - - - -
A7 A15 5.868 4.561 7.639 7.076 - - -
A8 A16 5.922 4.438 7.721 7.751 - - -
C9 - 5.358 4.322 7.134 5.024 - 8.176 6.908
G10 - 5.651 4.475 7.57 - 10.545 - -
A11 - 5.717 4.75 8.382 7.86 - - -
A12 - 5.474 4.348 7.941 7.827 - - -
A13 - 6.051 4.631 8.206 8.054 - - -
G14 - 3.874 4.285 7.849 - 12.964 - -
U15 U61 5.57 4.522 7.744 5.092 14.433 - -
U16 U62 5.633 4.518 7.969 5.585 13.929 - -
C17 C63 5.472 4.313 7.814 5.665 - 8.344 7.043
U18 U64 5.462 4.599 7.807 5.377 13.354 - -
G19 G65 5.757 4.532 7.742 - 12.467 - -
C20 C66 5.458 4.315 7.681 5.2 - 8.497 6.986
U21 U67 5.577 4.294 7.909 5.405 14.162 - -
C22 - 5.87 3.993 7.77 5.722 - 8.272 7.187
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7.9 Chemical shis of the CPEB3 protons and nitrogens
Nonexchangeable proton resonances were recorded at 25 °C in D2O and nitrogen and ex-
changeable proton resonances were recorded at 5 °C in H2O (100 mM KCl, 10 µM EDTA,
pD/pH 6.8). Chemical shifts are given in ppm.
0 mM Mg2+ 5 mM Mg2+
H1’ H2’ H6/8 H2 H1/3 N1/3 H1/3 N1/3
G1 5.641 4.831 8.372 - 10.601 142.813 10.517 -
G2 5.892 4.221 7.512 - 12.598 148.488 12.604 148.537
G3 5.8 4.604 7.217 - 12.572 148.131 12.622 148.569
G4 5.838 4.487 7.161 - 12.695 148.658 12.7 148.663
G5 5.761 4.621 7.199 - 13.274 149.614 13.285 149.632
C6 5.493 - 7.627 - - 197.464 - 197.503
C7 5.562 - 7.71 - - 195.762 - 195.74
A8-U9 - - - - - - - -
A10 5.905 - - 7.742 - - -
G11 5.575 4.517 7.73 - 13.551 149.018 13.56 149.201
C12 5.392 3.996 7.448 - - 196.914 - 197.648
A13 5.924 4.687 7.889 6.928 - 220.368 - 220.213
G14 5.429 4.468 6.992 - 12.428 148.142 12.47 148.124
A15 5.816 4.606 7.61 7.271 - 220.413 - 220.568
A16 5.883 4.682 7.828 7.269 - - - -
G17 5.46 4.666 6.896 - - - - -
C18 5.492 - 7.736 - - - - -
G19 5.807 - 7.958 - - - - -
U20-U26 - - - - - - - -
C27 5.505 - 7.726 - - - - -
G28 5.979 - 8.003 - - - - -
C29 5.86 - 7.414 - - - - -
G30 5.433 - 7.599 - 12.059 147.729 12.092 147.834
G31 - - - - 13.226 149.39 13.223 149.372
C32 - - - - - 197.851 - 197.851
C33 - - - - - 197.729 - 197.213
C34 - - - - - 195.66 - 195.461
C35 - - - - - 197.464 - 197.296
U36 - - - - 11.655 - 11.721 -
G37 - - - - - - - -
U38 5.885 4.429 - - - - - -
C39 5.503 4.473 7.897 - - 197.719 197.661
A40 5.951 4.675 8.083 6.977 - 219.692 - 219.692
G41 5.566 - 7.144 - 12.538 147.392 12.561 147.195
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0 mM Mg2+ 5 mM Mg2+
H1’ H2’ H6/8 H2 H1/3 N1/3 H1/3 N1/3
A42 5.938 - 7.73 7.754 - 222.059 - 222.048
U43 5.505 - 7.634 - 14.15 162.997 14.14 163.326
U44 5.678 - 7.968 - 13.743 163.106 13.767 163.342
C45 5.66 4.47 7.74 - - 196.363 - 196.415
U46 5.275 4.333 7.568 - - 158.384 11.04 158.499
G47 5.413 - 7.673 - 10.876 147.758 10.832 147.796
G48 5.808 5.007 7.849 - 10.103 146.277 10.029 146.215
U49 6.06 4.566 7.908 - - - -
G50 5.154 4.682 7.955 - 12.122 147.706 12.133 147.688
A51 5.96 4.664 7.857 7.263 - 220.683 - 220.838
A52 5.905 4.423 7.799 7.764 - 222.397 - 222.474
U53 5.455 4.386 7.565 - 14.158 162.849 14.162 162.948
C54 5.571 4.325 7.765 - - 197.321 - 197.321
U55 5.454 4.505 7.839 - 13.664 163.078 13.666 163.053
G56 5.735 4.173 7.69 - 12.339 147.19 12.459 147.141
C57 5.747 4.136 7.451 - - - - -
G58 5.762 4.623 7.984 - - - - -
A59 5.874 3.652 8.097 7.167 - - - -
A60 6.148 4.964 8.351 - - - - -
U61 5.692 3.772 7.485 - 14.748 163.713 14.79 163.998
U62 5.804 - 7.967 - 13.559 162.838 13.562 162.838
C63 5.479 - 7.801 - - 196.577 - 196.688
U64 5.457 4.574 7.783 - - 162.747 13.317 162.769
G65 5.764 4.454 7.765 - 12.415 148.131 12.441 148.113
C66 5.501 4.22 7.656 - - 197.974 - 197.961
U67 5.787 4.021 7.768 - 14.664 163.749 14.666 163.956
Ga - - - - 13.414 149.002 13.407 149.367
Gb - - - - 13.165 149.32 13.199 149.368
Gc - - - - - - 13.023 148.478
Gd - - - - 12.73 148.082 12.747 147.837
Ge - - - - - - 12.721 147.341
Gf - - - - - - 10.935 145.617
Gg - - - - - - 10.275 142.499
Ua - - - – - - 13.61 162.138
Ub - - - - - - 12.497 158.036
Uc - - - - - - 12.15 158.615
Ud - - - - - - 11.44 158.218
Ue - - - - - - 11.306 158.212
X - - - - - - 12.561
Y - - - - 12.451 - 12.471
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